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ABSTRACT
The literature on the anatomy of root contraction is reviewed 
with special reference to recent work. This investigation, by 
light and electron microscopy, began with Hyacinth and was later 
extended to Gladiolus and Narcissus for the purpose of comparison 
with the findings of other workers.
Contraction is the result of growth in the inner or middle 
cortex in which the cells extend radially and shorten axially, 
their variously orientated walls behaving differently.
The horizontal walls are unusual in their structure. Even in 
uncontracted roots Tdien potentially contractile, they resemble 
axial walls more than horizontal walls, in that the pit fields 
are orientated in relation to their potential for growth. In 
transverse sections of contracted roots, viewed by polarisation 
microscopy these walls appear as radially extended, highly 
biréfringent "thickened-plates" with a ”crossed-fibrillar structure” 
and with "thin-areas", of very small birefringence, which become 
spaced further apart as radial growth and contraction proceed. 
Microfibrils in the "thickened-plate” fan out into the developing 
"crossed-fibrillar" framework of the radial walls.
These walls extend radially and shorten axially. They also 
develop the marked ”crossed-fibrillar” structure already referred 
to, which results in the complete occlusion of their pit-fields.
The middle lamellae between radial walls of adjacent cells break 
down, the older outer microfibrillar layers become torn and cohesion 
between adjacent cells is lost.
The tangential walls show a passive wrinkling ("ballooning") 
with points of adhesion in the region of pit-field areas.
It is proposed that a mechanism of contraction based on 3
these anatomical observations is brought about primarily by the 
radial extension of the horizontal walls and its concomitant 
effects on the axial walls.
These observations and interpretations are discussed in 
relation to recent relevant work, in particular that of Sterling 
(1972), who has proposed a different mechanism which seems to be 
quite incompatible with the anatomical facts.
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1. THE LITERATURE OF ROOT CONTRACTION
There is extensive literature on root contraction going hack to 
Grew (1682) who, in his treatise on "The Anatomy of Plants", 
commented: "some again Descend, as Tulips, and other Bulbous Roots,
which differs from growing only Downwards; in that here, the Head 
of the Root is Immoveable; but in Descending, the whole Root 
obteineth different Places, running deeper, time after time, into 
the Earth."
Referring to the cause of descent: "But the Immediate Visible
one, are the String-Roots, which this kind of Trunks frequently put 
forth: which descending themselves directly into the Ground, like so
many Ropes, lug the Trunk after them.
For the said Aer-Vessels, having neither in the Trunk, nor in 
the Root, a sufficient Power to Draw it upwards ; it therefore 
gradually yields to the Motion of its String-Roots; which, as they 
strike into the Soil, Pluck it down after them. And because the old 
Strings annually rot off, and new ones successively shoot down into 
the Ground, it therefore annually still descendeth lower; as in 
Tulip, Lily, etc. may be observed."
The term "string-roots" is presumably synonymous with the 
present day term "contractile roots".
Tittmann (I8I9) commented that the stem of Daucus carota was 
quite extraordinary in that it became thicker and shorter and pulled 
itself into the soil. Towards the end of the nineteenth century 
great interest was aroused in the phenomenon of root contraction, 
though opinions differed as to its significance. For instance,
Daniel (I891) attributed the wrinkled external appearance of the large
fusiform roots of Gladiolus and Crocus to the shrivelling of J Q
parenchyma from them. He considered that the roots act as temporary 
storage organs which shrivel once the reserves of glucose are 
withdrawn.
Daniel, however, was apparently unaware that some fifteen years 
earlier de Vries (l877, 1879a, 1879b, 1880) had investigated the 
phenomenon of root contraction in a wide range of plants, including 
many dicotyledons and a few monocotyledons, amongst them Hyacinthus 
orientalis. Prior to his work, the term "contraction" in the plant 
kingdom referred to self-contracting cells which lose water. The 
previously stretched cell wall contracts and the cell volume decreases.
In his studies of root contraction de Vries (l879b) observed how 
easy it was to recognise this process in plants where the outer 
cortex (Korkrinde) at the proximal end of the root is passively 
pulled together and becomes wrinkled. He mentioned plants of 
Hyacinth, Iris, and Tazette (Narcissus) as providing good examples 
of this among monocotyledons, and among dicotyledons the tap roots 
of two-year old plants of Carum carvi, Conium maculatum and Dipsacus 
sylvestris.
De Vries (l879b) conducted a series of simple experiments, in 
the first of Wiich, excised roots were placed in well-aerated water 
and their decrease in length was subsequently observed. Although 
the shortening was most rapid in the first hour, after two to five 
days, contractions of the order of 2-8^ were observed. Associated 
with this contraction, de Vries observed that roots left in water 
also increased in thickness by some 4-8^. Similar experiments were 
carried out on isolated portions of root tissue, including the cortex, 
which exhibited an axial contraction and also a radial elongation.
De Vries (l879b) therefore concluded that the seat of root contraction 
in these monocotyledonous roots lay in the parenchyma cells of the
cortex, which expanded radially and shortened lengthwise, the 1 1
remaining tissues behaving passively. The xylem of the vascular 
bundles was pulled together and frequently bent back and forth.
Associated with this change in shape of cortical cells there 
was also an increase in their volume. When in 1880 he studied 
dicotyledonous roots of Cynara scolymus. Verbascum thansus, Conium 
maculatum, and Dipsacus fullonum, he found that contractility 
occurs in thickened taproots, the cambium producing an abundance of 
parenchyma, \diich, in the youngest zone, is in a state of 
longitudinal tension. The cambium also possesses the ability to 
shorten, a process which increases progressively with age.
The cortical tissues were still absorbing water in the contraction 
process; hence contraction is itself a manifestation of water 
uptake and a turgid condition. Roots, which possess the ability 
to contract through water absorption, become permanently shortened.
De Vries also discovered (l880) that the contraction process was 
in fact partly reversed in wilted roots and by plasmolysis in salt 
solutions. In salt solutions, the tissues elongated only slightly, 
not exceeding V^/o of their length. In view of the radial extension 
and longitudinal shortening of the cells of contracting roots, de 
Vries (l879b) concluded that contractions could be interpreted as 
a specialised form of cell stretching. In turgid cells, contraction 
can be explained in terms of differing extensibility of the cell 
walls in the axial and radial directions.
At about the same time, (l880) de Vries described how excised 
root segments placed in water contract. In Hyacinth, with which this 
thesis is mainly concerned, he found that root portions left for 
three days at 20-25°C shortened between 2.5^ and 6,y/o, He commented 
that the upper regions of contractile roots of Hyacinth had a 
wrinkled surface and were thicker than the younger regions, where
the external surfaces were smooth. This was also found to occur* in ^
Iris pseudacorus, Lilium martagon. Gladiolus communis and Allium moly.
De Vries further observed that there was a marked relationship 
between cell contraction and cell stretching. The cell walls of 
both contractile and non-contractile cells were capable of being 
stretched by turgor, but whereas in a non-contractile cell the 
extensions occur in all directions, in contractile cells turgor 
pressure is accompanied by unequal expansion of the cell walls, the 
greatest effect being in the radially transverse direction.
Rimbach, in a long series of papers published between 1893 and 
1933» recorded the occurrence of root contraction in a wide range of 
seed plants. His list (1926, 1929) of over 450 species included 
those referred to by later investigators. He measured the extent 
and distribution of contraction and also, in a few instances, studied 
the anatomy. Rimbach noticed in particular the undulated appearance 
of the longitudinal walls of endodermal cells (1893, 1897a), a 
feature which he observed was not shown by uncontracted material.
Root contraction, Rimbach remarked, followed a similar pattern to 
that described by de Vries (1879b, 1880). Rimbach (1897a) isolated 
tissues from Iris germanica, Lilium martagon and Phaedranassa 
chloracea and measured the changes in cell dimensions accompanying 
contraction. The change in shape of the cortical cells was not so 
marked in Allium ursinum ( 1897c) as in Arum maculatum ( 1897b), but 
in both species there was a distinctly undulated appearance in the 
longitudinal walls of the exodermis and endodermis.
In Lilium martagon (l898), he showed that the contractile tissue 
is entirely the inner cortex. The cells shorten and extend laterally, 
while the epidermis, exodermis, and outer cortex in the outer region, 
and the central vascular cylinder and endodermis within, behave 
passively. The overall diameter of the root does not generally
increase as the outer cortical layers become crushed by the radially 
expanding inner cortical cells. He found that the central cylinder 
remains straight, but shortens as the root contracts lengthwise.
Further, in Arisaema dracontium, Rimbach (19OO) discovered how 
stem tubers were lowered into the soil by their contractile roots. 
Active, turgid inner cortical cells expand laterally, crushing the 
outermost layers which eventually collapse. Both the exodermis and 
endodermis develop an undulated appearance in their longitudinal 
walls. A similar phenomenon was observed in Fritillaria meleagris.
Scilla bifolia, Hypoxis hirsuta and Hyacinthus candicans. The roots 
of Erythronium albidum, Lilium superbum and Medeola virginiana were 
howeyer found to be only nutritive in function, in no way contractile 
and possessing very little cortical parenchyma.
Rimbach (1902), in a further study of members of the family 
Liliaceae, found that Lilium pardalinum, Scoliopus bigelovii,
Trillium ovatum and Zygadenus fremonti show anatomical features 
similar to those of Lilium martagon. Howeyer, in Brodiaea capitata, 
where contractile roots of daughter tubers grow out horizontally, 
the active cortical cells change their form in an irregular manner, 
and later on the central cylinder becomes undulated. Radial 
elongation of the cortical tissues seems to occur alternately on 
different sides of the central cylinder and there is no zone of 
collapsed cells. Rimbach also commented on the disappearance of 
starch grains from the cortical parenchyma in the contracted region 
of Scoliopus bigelovii compared with their abundance in the 
uncontracted portions. Presumably the starch is utilised in the 
cell expansion process.
Rimbach (l922) noticed how contractile tap roots of seedlings 
of Medicago sativa draw the plants lower into the soil over a period 
of about four months, the degree of shortening of the root being
1 dabout 50^- Similarly, plants of Fragaria vesca and Dahlia variabilis, ^ 
grown from seed, are lowered deeper into the soil by the adventitious 
roots which become contractile. In Gladiolus communis, cormlets 
produce contractile roots towards the end of the vegetative phase, 
and similar examples of this behaviour were found by him in Freesia 
réfracta, Montbretia crocosmiaeflora. Crocus sp., Hymenocallis sp.. 
Narcissus sp. and Hyacinth.
Oliver (l898) further surveyed the role of root contraction in 
the establishment of plants at the appropriate depth in the soil, 
but this paper is essentially a summary of the work of other 
investigators.
It is interesting to note however, that contractile roots may 
serve a different function, in laterally separating daughter bulbs 
from their parent. This has been reported in Brodiaea capitata by 
Rimbach (l902) and in Muscari by Rees (l972).
While the occurrence of root contraction has been noted by 
various other authors since de Vries, for example in Arum maculatum 
by Scott and Sargant (l898), in bluebell by Woodhead (l904), in 
Sauromatum guttatum by Scott (19O8), in Cooperia drummondii by 
Church (1919), in Hypoxis setosa by Arber (l925) and in Gladiolus sp. 
by Geiger (l929), these workers howeyer, were not concerned with 
possible mechanisms of contraction.
Subsequent work on mechanisms of root contraction has elaborated 
on that proposed by de Vries, and has also brought to light at 
least two other very different mechanisms. It is convenient to 
consider these first, before proceeding to a more detailed review 
of the "de Vries-type" mechanism. The first of these is characterised 
by the collapse of more or less transverse layers of cortical cells 
at short intervals along the root, following the withdrawal of their 
sap and the disappearance of their cytoplasm. This causes the
contraction, though between these collapsed layers other layers" of j[ 5
tissue remain turgid. This behaviour has been described in the 
following plants; in Orchis sp. and Dactylorchis by Fuchs and 
Ziegenspeck (l922, 1925), in Oxalis spp. by Thoday (l926), by Rohde 
(1928), Thoday and Davey (l932) and Dayey (l946), and in Brodiaea 
by Smith (l930) and Thoday (l93l)«
These collapsed zones, recognised in Orchis traunsteineri by 
Fuchs and Ziegenspeck (±922) were designated by them "Puffergewebe".
They correspond in position to troughs of the externally visible 
wrinkles characteristic of a contracted root. It is interesting to 
note that in Dactylorchis they were thought to be supplemented in 
their contractile effect by changes in cell shape among the 
remaining living parenchyma.
Rohde (1928), working with Oxalis eseulenta and £. incarnata, 
observed that the alternating layers of collapsing and turgid cells 
are 1-3 cells deep, and that collapse is initiated by the loss of 
sugar, followed ultimately by cell death. The turgid cells however,
Rohde considered, continue to grow transversely, thus increasing 
the diameter of the root. He regarded this growth as a contributory 
factor in the contraction process.
However, Thoday (1926), Thoday and Davey (l932) and Davey 
(1946) took a different view. They regarded the immediate cause of 
root contraction in the specialised swollen roots of Oxalis as being 
a water deficit. The contractile process is, they considered, not 
one of growth, but one brought about by withdrawal of sap from 
previously undifferentiated transverse layers of cells, and their 
concomitant shrinkage in volume (Davey, 1946). The contracting force, 
Thoday maintained, was either atmospheric pressure acting on the 
surface of the root not balanced by the pressure in the vessels, or 
atmospheric pressure in conjunction with cohesion tension transmitted
in the xylem from the transpiring shoot or bulbil. The ultimate 
resultant effect was an ordered disappearance of cytoplasm from 
the collapsing layers, which extend more or less continuously right 
across the root cortex. Prior to contraction, the parenchyma cells 
lie in transverse radial rows, but after the contracting root has 
reached the wrinkled stage, the turgid layers eventually come to 
lie more or less obliquely to the main axis, as indeed Rohde 
described. Thoday considered this change of orientation to be a 
consequence of the fact that the resistance to relative movement 
existing between the periderm and the soil is greater than the 
resistance of the xylem to the compressive forces of the collapsing 
cortex. This type of mechanism differs fundamentally from that 
proposed by de Vries (1879b, 1880), which requires a longitudinal 
continuity of active tissue.
Thoday and Davey (l932), vdiile accepting that growth contraction 
might play a minor part in the overall shortening of the root, 
emphasised the role that loss of water plays in contraction. The 
actively growing turgid layers draw on water from the alternating 
zones of collapsing cells above and below them and this water is 
ultimately lost in the transpiration stream. Thus, they believed 
that during contraction, there is an overall decrease in the volume 
of the root.
In Brodiaea, unusual among monocotyledons, the contraction 
process seems to be essentially of the "Thoday-type" rather than 
the "de Vries-type". This appears evident from comment by Rimbach 
(1902) on B. capitata and the work of Smith (l930) on B. lactea.
In these plants the zones of turgid and collapsing cells are 
irregular, so that, as contraction takes place, unequal lateral 
forces are applied to the stele which thus becomes contorted, as 
Davey was later to observe in Oxalis hirta (l946).
Thoday (l93l) however, did not accept Smith* s views on the" j[7
contraction process in Brodiaea, hut the argument seems obscure 
and rather outside the scope of this thesis.
A third possible mechanism of contractions has been described 
by Berckemeyer (l929) for some members of the Umbelliferae. In 
these plants contraction occurs in roots which have undergone 
secondary thickening; it was attributed to the lateral growth of 
various tissues in different species, namely the medullary {sic) 
rays, secondary cortex and the cambium, which displaces 
longitudinally aligned fibres into contorted shapes, thus effecting 
contraction. Berkemeyer*s account however is difficult to follow 
and far from clear.
It is evident that contraction mechanisms, alternative to those 
typical of monocotyledons, especially need further investigation.
Reverting to the mechanism of root contraction observed by 
de Vries (l879b, I88O), similar patterns have been reported on, 
in the following plants, by other workers: in Crinum capense by
Gravis (l926), in Medicago sativa by Jones (l928), in Hemerocallis 
fulva and Fritillaria messalina by Berckemeyer and Ziegenspeck (1929), 
in Gladiolus by Pfeiffer (l93l), in Melilotus alba by Bottum (l94l), 
in Narcissus by Chan (l95l/52), in Hyacinthus orientalis by Wilson 
and Honey (1966), in Arum italicum by Lamant and Heller (1967), in 
some South African Liliaceae by Pienaar (1968), in Narcissus by Chen 
(1969), in Gladiolus by Sterling (l972), and in Eueomis by Reyneke 
and van der Schijff (1974). In all these plants there is an axial 
shortening and radial extension of the turgid, active inner cortical 
parenchyma cells, idiile the outer cortex becomes crushed causing the 
outer layers of the roots to be thrown into folds. Only additional 
points about anatomical structure or related physiological processes 
are noted here from these papers.
Gravis (1926) carried out a thorough anatomical investigation g
of Crinum canense. He found that the active contractile cells, i.e. 
the inner cortex, maintained their turgor as they expanded radially 
and shortened longitudinally. The outer cortical cells only 
enlarged slightly and died quite early on in the process, 
subsequently becoming compressed and crushed. The exodermis and 
piliferous layers were correspondingly thrown into folds. The inner 
cortical cells meanwhile did not cease growing and Gravis suggested 
that the reverse of intussusception was taking place, in that there 
was a dissolution of part of the first formed cell wall and 
utilisation of the dissolved substances in the new directions of 
growth. Also, associated with this contraction was the drawing 
closer together of the spiral thickenings in the xylem vessels, 
giving their longitudinal walls a distinct undulated appearance.
Similar undulations appear in the stele and exodermis. Gravis 
postulated that substances may be absorbed from the walls of the 
vessels by the smaller living cells surrounding them. Smith (l930) 
was later to disagree and he maintained that the undulated appearance 
was due purely to mechanical folding forces.
In Medicago sativa Jones (l92S) and Melilotus alba, Bottum (l94l), 
lowering of the seedling hypocotyl into the soil is brought about 
by the proliferation of the parenchyma, %diich, meanwhile, causes 
the walls of the secondary xylem to be thrown into sinuous folds.
Beckemeyer and Ziegenspeck (l929) reported, in Fritillaria 
messalina, a pattern of root contraction apparently, at first sight, 
not dissimilar to that in other monocotyledons. The contracted 
cells are large and still longer than broad, even though they have 
shortened slightly in length and increased in width. Polarisation 
microscopy showed up the presence, in the longitudinal walls of these 
cells, of spirally orientated bands of crystalline material.
presumably cellulose, wound round the cell in one direction. Thus g
these authors visualized the cell as having a built-in spiral spring 
in its walls, which initially was stretched by turgor, so that loss 
of turgor allows the spring to shorten and so to bring about 
contraction. It is of course difficult to see how this situation 
could allow the cells to increase in width without the requirement 
for rotation of the spring.
In so far that the contracting cells increase in width, their 
behaviour suggests a "de Vries type" of contraction process, but as 
contraction is regarded as being due to a loss of turgor, this 
interpretation recalls a "Thoday type" mechanism. A combined type 
of action of this kind was, it will have been noted, also proposed 
for Dactylorchis by Fuchs and Ziegenspeck (l922).
Pfeiffer (l93l), like Rimbach (l893), working with Gladiolus, 
observed the distinct wavy appearance of the longitudinal walls of 
the endodermis and hypodermis in contracted roots. The cells of the 
inner cortex extended slightly radially, but the total diameter of 
the root decreased rather than increased, due to the crushing of the 
moribund outer cortical cells.
Chan (1931/2) observed minute folds along the longitudinal walls 
of the stele and endodermis of contracted roots; even the Casparian 
strip had become undulated. Chan suggested that the walls of the 
inner cortical cells are more elastic than those of the outer cortex 
and the greater rigidity of the former caused the latter to be 
thrown into folds. He identified two kinds of cells in the exodermis,
(as seen in longitudinal sections); long narrow cylindrical cells 
occurring in the middle of the troughs of the external wrinkles and 
cuboidal wedge-shaped cells which lay more frequently at the curved 
arches of the folds.
Honey (M.Sc. Thesis, 1964) and subsequently Wilson and Honey
(1966), reviewed earlier work on root contraction and working with 2 0  
Hvacinthus orientalis attempted a more quantitative and physiological 
approach.
When they grew Hyacinth hulbs in "bulb jars" filled with water, 
all the adventitious roots were potentially contractile.
They examined the change in shape of the inner cortical cells 
(as seen both in transverse and in radial longitudinal sections),
Tihich are associated with the contraction process. Cells from the 
innermost four or five "rows" of the cortex shorten axially and 
extend radially in the manner described by de Vries (1879b, 1880). 
Measurements of marked roots and of inner cortical cells from their 
contracted and uncontracted regions, showed that root contraction 
and cell contraction are proportionately very similar, being on 
the average about 30^ in their material. Measurements of the length 
and radial breadth of cortical cells from the two regions showed a 
semi-quantitative relationship between their axial shortening and 
radial extension. The inner cortical cells become shorter and 
squarer in shape to an extent related to contraction of the region 
of the root in which they lie.
Associated with this change in cell shape, there are changes 
in the wall structure of these cells. Initially longitudinal walls 
of still growing but potentially contractile cells, when viewed in 
a polarising microscope, are thin and weakly biréfringent with an 
approximately transverse major extinction direction and transversely 
elongated pit fields. When fully elongated, these cells are about 
three times longer than broad and the intercellular spaces have 
become more prominent than in the elongating zone. At this stage, 
longitudinal walls also develop helical striations, running in 
opposite directions,which are presumably indicative of the deposition 
of a secondary wall. These striations cross with a vertical angle
of less than 90°: thus the major extinction direction tends at this ^  ^
stage to become axial. The pit-fields are still evident, but spaced 
further apart due to cellular elongation in the manner described by 
Wardrop (l955) and Wilson (1957), but in many instances they are 
seen to be partly occluded by the secondary wall. Thus so far, the 
longitudinal walls of these cells resemble those of other fully 
developed, more "ordinary" parenchyma cells (Scott et al., 1956).
It should perhaps be emphasised that two "sets" of helically wound 
microfibrils were observed in single walls of both fully developed 
uncontracted and contracted cells. In this connection, it is 
interesting to note that (though apparently unknown to Wilson and 
Honey) Berckemeyer and Ziegenspeck (l929) had described the presence 
of one "set" of helically oriented bands in the walls of contractile 
cells of Fritillaria (see p. 18). In Hyacinth, however, the change 
in wall shape takes place after two "sets" of helically wound lamellae 
of the secondary wall have been laid down.
Wilson and Honey noticed that the horizontal walls of potentially 
contractile cells, even before contraction begins, exhibit some 
unusual features. In appearance, these resemble longitudinal walls 
more than cross walls, as seen by polarising microscope. They 
apparently possess closely ranked, but very prominent tangentially 
orientated pit-fields, which become spaced further apart in the 
contraction process as the walls become extended radially. The 
walls also become much thicker and more biréfringent.
The major structural change was, however, observed in the 
radial walls. These walls extend radially but shrink axially.
Deposition of the secondary wall continues in the contraction 
process and the pit-fields gradually become completely occluded: 
moreover, the angle of pitch of the helical striations in these 
walls changes during contraction, the striations becoming less steeply
orientated towards the horizontal hy some 5-18°. The significance 
of this was obscure but was considered to be related to the active 
growth radially of the upper and lower horizontal walls. Growth 
here, coupled with slower plastic stretching of the radial walls, 
might be expected to produce an axial shortening.
The tangential walls also become thicker and more biréfringent, 
but they show less obvious structural changes and retain their pit- 
fields. The amount of change in shape of the tangential walls,
Wilson and Honey noted, depended on the distance of these walls from 
the stele. However, they omitted to comment that if the inner 
cortical cells are to contract axially there must be a concomitant 
shortening in the tangential wall, as well as in the radial wall.
Wilson and Honey observed in transverse sections, that radial 
walls of neighbouring cells adhered much less firmly together than 
adjacent tangential walls. For the change in shape of the radial 
walls to occur, there must be a certain amount of slip between 
adjoining walls. This is facilitated by the occlusion of the pit- 
fields in the radial walls; the pit-fields of course remaining in 
the tangential walls.
It is clear that contraction in Hyacinth is a growth process, 
Tdiich occurs in the metabolically active inner cortical cells whose 
shape changes once they are fully elongated, and which remain fully 
turgid, during contraction, so that, as de Vries first showed, 
plasmolysis partially reverses the contraction process. Wilson and 
Honey showed that during contraction there was only a negligible 
change in the plasmolytic value of the osmotic pressure of the inner 
cortical cells. Since these roots were grown in water, the cells 
might be assumed to be fully turgid, and therefore the turgor 
pressure would remain constant. Thus contraction is brought about 
not by an increase in turgor, but by redirected growth or "relaxation"
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of the walls of inner cortical cells. That growth is involved is 2 3
clear from the facts that cortical cells increase in volume while 
their radial walls increase in area, and starch grains, initially 
very conspicuous in uncontracted cells, disappear during contraction.
Arum italicum was reported by Lamant and Heller (196?) as 
possessing two kinds of roots; potentially contractile roots, -vdiich 
resemble other monocotyledonous contractile roots in the anatomy 
of their contraction process, and others, which are non-contractile.
In contraction, the cells of the middle cortical zone extend 
radially and shorten in length in the familiar way, the walls of 
these cells thicken and in places adjacent cells become detached 
from each other. These changes, characteristic of the contraction 
process, are preceded by a slowing down in the rate of cellular 
longitudinal elongation, even though cell growth in the radial 
direction continues. In comparison, in non-contractile roots, there 
is a gradual slowing down of cellular elongation in all directions.
As a consequence of these changes in the inner cortex, the 
exodermis is thrown into folds and the exterior of the root becomes 
very wrinkled. The outer cortical cells become crushed, the walls 
of endodermal cells become very undulated longitudinally and the 
annular thickenings in the vessels close up.
Lamant and Heller also considered the problem of root contraction 
from a physiological viewpoint. They showed that root segments of 
Arum italicum behaved, \dien plasmolysed, in the manner described by 
de Vries (l879b, I88O), (see p. ll). However, as well as comparing 
the behaviour of the elongating and contracting parts in a root, 
they recognised the pattern of changes during plasmolysis characteristic 
of the intermediate "transition zone" between these two types of 
growth.
They also examined the effect of auxin on the behaviour of
contractile cells under plasmolysis, but although indicating in'the 2 4  
general way that the cell walls had become less rigid, their 
observations seem to have no bearing on the contraction process.
Results of greater interest were however obtained from 
experiments on the gradient of respiratory activity along the root. 
Respiration rates were determined manometrieally and expressed in 
terms of oxygen uptake per unit fresh weight for successive 
centimetre segments. Non-contractile roots showed a decreasing 
respiratory rate (cf. Machlis, 1944) from the apex, basipetally, 
whereas in contractile roots the generally falling trend was inter­
rupted by a peak in the precontraction zone, suggesting some form 
of increased metabolic activity, just prior to contraction.
Thus, from their experiments, Lamant and Heller emphasised the 
role of living tissue and particularly of the pre-contraction zone 
in the contraction process.
Recent studies of root contraction, purely anatomical in 
nature, (but restricted to light microscopy), have been made in 
some South African Liliaceae by Pienaar (1968), in Narcissus by 
Chen (1969) and in Eue omis spp. by Reyneke and van der Schijff (l974).
Pienaar (1968) studied contraction in the adventitious roots of 
Dipidax triquetra, Haworthia truncata, and Agapanthus campanulatus. 
Contraction follows the pattern of change in shape of the inner 
cortical cells and the distortion of cell walls elsewhere, which 
has also been noted in other monocotyledons. The roots become 
markedly wrinkled externally at the proximal end and in Haworthia 
truncata they also serve as storage organs.
In Narcissus Chen (1969) made similar observations to those of 
Chan (1951/2)(these would seem to be, as Chen (1969) implies, the
same author) and likewise commented, in particular, on the two kinds
/
of cells recognised by Chan in the exodermis.
In Eue omis spp. (members of the Liliaceae), Reyneke and van 2 5
der Schijff (l974) observed that "the mechanism of root contraction 
in Eue omis thus agrees substantially with that of most of the other 
representatives of the Monocotyledoneae", and that it is very 
different from the mechanism in Oxalis spp. There seems to be little 
to add to this summary statement.
These authors are, however, critical of the conclusions reached 
by Sterling, somewhat earlier (l972), whose work must now be 
considered. It is convenient to discuss it rather separately from 
the main stream of anatomical observation, since it is based almost 
wholly on electron microscope studies.
Sterling was concerned with contraction in Gladiolus, and his 
account of the grosser anatomical structure, and changes in it 
accompanying contraction seem in accordance, as far as they go, 
with the earlier work of Pfeiffer (l93l) (see p. 19 )» from which it 
seems that the contraction mechanism is essentially of the "de Vries 
type". Sterling proposes, however, a mechanism of contraction very 
different from that proposed by de Vries and others on monocotyledonous 
roots. He states that "the driving force of the process is presumed 
to be the differential compressive stress between atmospheric 
pressure and the negative pressure within the xylem". The precise 
meaning of this is not very clear but, presumably, it means that as 
transpiration tends to generate a negative pressure in the xylem, 
this, in its turn, tends to withdraw water from the cells (of the 
outer cortex) which are compressed by the ambient atmospheric 
pressure. This, of course, recalls the mechanism proposed by 
Thoday (l926) and Thoday and Davey (l932) for contraction in 
Oxalis roots, except that these, the collapsing cells, form 
transverse disc-like zones across the root cortex.
Sterling notes that the middle lamellae of the inner cortex
become lysed so that these cells are free to glide past each other, ^ 0
the driving force of the contraction being considered by him to be 
localised in the middle and outer cortex the cells of which become 
moribund and progressively collapsed longitudinally. Evidence of 
the state of cells in different parts of the cortex is adduced by 
Sterling from a basis of electron microscope studies of their proto­
plasts and organelles.
Sterling's proposed mechanism is thus fundamentally at variance 
with the views of Wilson and Honey (1966) on Hyacinthus, in that 
contraction is attributed by him to cell death and consequent 
collapse, the living cells of the cortex gliding past each other to 
accommodate the contraction, idiereas these other authors have 
adduced good reasons for believing it to be due to growth of living 
cells, the collapse of other cells being the concomitant accommodating 
change. It is difficult to see, however, how gliding movements 
between plant cells can themselves be the driving force of the 
contraction.
Although different workers have studied plants of various 
genera, e.g., Hyacinthus, Gladiolus, Arum and Eucomis, the roots of 
these plants are clearly very similar, so that a general similarity 
of the process and mechanism of contraction seems probable, and the 
basically different mechanisms of, for instance, Wilson and Honey 
(1966) and Lamant and Heller (I967) on the one hand, and Sterling on 
the other, must be examined closely.
Sterling’s ultrastructural evidence is essentially of differences 
and changes in the protoplasts of cortical cells and to some extent 
their cell walls. Thus, he finds that the inner cortical cells are 
well provided with mitochondria and Golgi bodies, the latter being 
regarded as important in the lysis of middle lamellae and in new 
wall synthesis. On the other hand, the outer cortical cells become
moribund before and during the contraction process, all appearances g ^
suggesting that they are being collapsed by outside forces.
His evidence for cell shape is, however, rather fragmentary.
Noidiere does he show more than a rather small part of a cortical 
cell, a consequence of the very limited field of the electron 
microscope; supporting evidence from low power light microscopy 
would have been particularly valuable here, as experience with work 
in this thesis shows. When dealing with cells whose dimensions may 
be of the order of a few hundred microns, electron microscope sections 
may be misleading.
In so far that Sterling finds there to be in the cortex a zone 
of living, metabolically active cells on the inner side and of dead, 
collapsed ones towards the periphery, his evidence is in agreement 
with that of other workers: its new feature lies, as has already
been briefly indicated, in the functions to be attributed to these 
cortical zones in the contraction process.
Considered in terms of cell permeability, it seems that his 
hypothesis is open to criticism. A dying cell from which water is 
being drawn by transpiration might be expected to collapse if it 
were exposed to the atmosphere since a moist cell wall, strongly 
retentive of water in its ultramicroscopic spaces, does not permit 
the passage of an air/water interface. Such a cell in water, however,
(and Sterling's roots were grown in water) is not subject to these 
collapsing forces since water can enter it relatively freely.
Thus, on a priori grounds, it seems that Sterling's contraction 
mechanism is of doubtful validity, especially since it does not 
explain the increase in radial dimension of the inner cortical 
cells which accompanies contraction. Moreover, Reyneke and van der 
Schijff (1974) in their study of contraction in Eucomis spp. 
explicitly reject it in relation to these plants.
Further evidence on these matters emerges from the present
work.
2. AIMS OF THE PRESENT INVESTIGATION
The aim primarily was to extend and clarify the observations of 
Wilson and Honey (1966), using light and electron microscopy. Most 
of their anatomical observations were made by polarisation 
microscopy on macerated tissue, or on permanently mounted microtome 
sections, and were directed mainly to changes in shape and structure 
of the radial walls of cortical cells. They were thus able to 
quantify the connection between the change in shape of cortical 
cells (as seen in radial longitudinal sections) and the contraction 
of the root as a ^ole. They attempted also to relate this cellular 
change to changes in the "run" of the microfibrils (seen as 
striations) in the radial walls: this did not, however, prove a
very satisfying relationship.
Moreover, if the radial walls thicken as they change in shape 
(as Wilson and Honey imply), this must raise problems concerning 
the spatial relationships of the older and newer parts of the wall. 
Then again, it must be borne in mind that radial walls do not grow 
and change in isolation: there must also be concomitant changes
in the horizontal and tangential walls, which must be radically 
different. While Wilson and Honey referred to the unusual nature 
of the horizontal walls, the tangential walls were not seriously 
considered. In short, it seemed that there was scope for further 
study of what happens to these cortical cells in the contraction 
process.
Other work on root contraction in monocotyledons, particularly 
that of Sterling (l972) which has appeared since the beginning of 
this study, has added to its interest. Sterling's observations
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on contraction in Gladiolus, as already noted (p. 25 )> implied
some similarity of its structural features to those of Hyacinth, 
hut were interpreted hy him in terms very different from those of 
de Vries and Wilson and Honey.
Thus, although the observations in this thesis were begun on 
Hyacinth, they were, for this reason, later extended to Gladiolus 
and Narcissus, so enabling more critical comparisons to be made.
As a related, but very different issue. Hyacinth bulbs were 
grown under varying conditions with a view to identifying, in a 
preliminary way, the nature of the stimulus initiating root 
contraction. This forms a separate section of the thesis.
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CHAPTER II
MATERIALS AND METHODS EOR MICROSCOPICAL EXAMINATION
1. HYACINTHES ORIENTALIS
The simplest method of inducing growth and contraction in roots 
was adopted: i.e. by the growth of bulbs in water-filled bulb jars.
In early autumn, for four consecutive years, about 30 bulbs of 
Hvacinthus oriental is cultivars Linnocence and City of Harlem were 
grown in this way. These cultivars were used as it was found early 
on that they produced contractile roots most consistently.
The jars were initially filled with tap water to a level just 
touching the base of each bulb as this is important for initiating 
good root growth: later the level was lowered somewhat. A piece '
of charcoal was added to each jar, and the jars were then kept in 
a cool, darkened place until root development was well under way 
and the shoot measured 2-3 cm (Wilson and Honey, I966). The jars 
were then transferred to a cool, north-facing greenhouse, in normal 
daylight. Erom the very beginning the water in the jars was changed 
weekly to limit bacterial and algal growth. Contraction became 
visibly obvious when the roots had attained some 10-15 cm in length; 
usually all the roots contracted. External wrinkling began at the 
base of the roots and extended acropetally, so that a root might be 
growing at the apex and contracting further back. Contraction 
seemed to be accelerated during and after flowering. The roots were 
excised at various stages and used in differing ways; examined 
fresh, fixed immediately in formalin-acetic-alcoho1 for light 
microscopy, or fixed for electron microscopic examination.
(a) Light microscopy
Although this investigation was intended to be essentially an
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electron microscopic one, light microscopy proved to he extremely ^ ^
useful as background to the electron microscopic studies and their
subsequent interpretation. Hand sections, cut in various planes
from uncontracted and contracted root material, were stained in one
or other of the following stains; 2^ Congo red in 1^ sodium
hydroxide (Kerr, 195l)> Bismarck brown, Sudan IV, or phloro-
glucinol and concentrated hydrochloric acid, as appropriate to the
end in view. The staining and swelling effects of iodine followed
by 56^ v.v. sulphuric acid were also found to be valuable, and
sections treated thus were mounted in acid and examined by both
normal and polarising microscopy. An elliptic compensator was used
where necessary to enhance the birefringence of weakly biréfringent
cell walls.
In addition to sections, short segments of root (about 5 mm 
long), well contracted, were split lengthwise, bleached with 
"parazone", stained with eosin, dehydrated and cleared in xylene.
This enabled the cortical cells to be seen "in the solid" so giving 
useful confirmatory evidence of their shape as deduced from their 
appearance in sections, cut in different planes.
(b) Electron microscopy
(i) Fixation, section preparation and examination
The methods of fixation recommended by Millonig (1961) by the 
use of phosphate-buffered osmium tetroxide, as referred to in Kay
(1965) and Karnovsky (1965, and the method of rapid fixation proposed 
by Bain and Gove (l97l), were tried and found to be unsatisfactory.
A 2^ solution of potassium permanganate was also tried as a fixative 
but this often resulted in cellular disintegration and was less 
satisfactory for wall material than for cytoplasmic content.
The most suitable fixation procedure employed was glutaraldehyde
in cacodylate buffer with sucrose, followed by post-fixation in’ 2 2
osmium tetroxide in the same buffer. Root segments, 1-2 mm long, 
from varied regions of roots were cut and fixed for two hours at 
4°C in 59^ glutaraldehyde made up in 0.1 M sodium cacodylate buffer 
at pH 7.4, (Juniper, Cox, Gilchrist and Williams, 1970) with 
sucrose (0.015 gm/ml of fixative), as recommended by Caulfield (l957), 
to reduce cytoplasmic shrinkage. In several roots, the segments 
for fixation (l-2 mm long) were cut at 1 cm intervals, to trace more 
closely the changes in structure associated with contraction. The 
material was washed well in the same buffer to remove all traces of 
glutaraldehyde (as this tends to form a precipitate with osmium 
tetroxide), and then post-fixed in '\P/o osmium tetroxide for 1^ hours 
at 4°C. Thorough subsequent washing in the same buffer was followed 
by dehydration through a series of alcohols to 70^ alcohol. The 
specimens were either stored at this stage or immediately dehydrated 
further to absolute alcohol and propylene oxide. Resin penetration 
of the tissue was found to be very difficult. Thus, a very long 
infiltration time with initially 10^ resin in propylene oxide over 
at least three days was found to be necessary to ensure satisfactory 
penetration. The material was then cured in pure resin for 48 
hours at 60°C, in a vacuum oven, after an initial period of 
evacuation. Several resins were tried including Epikote 812 resin 
and the method of embedding recommended by Spurr (1969). The most 
satisfactory resin was "Taab" hard mix but with the replacement of 
DMP 30 with an equivalent volume of BDMA (benzyl dimethyl amine),
(Spanner, personal recommendation). Portions of the cured block 
were cut out and mounted with "Cyanolit" or "rapid cure Araldite" 
on to "Beem" capsule-moulded resin blocks, which fitted the micro­
tome specimen holder. Silver/gold sections, (90-150 mm thick judged 
from the interference colours, as referred to by Kay, I965), were
cut with a freshly prepared glass knife. The knives were cut from 
plate-glass strips with an LKB Knife-Maker and the sections cut on 
an T.TTR Ultra-microtome. The initial thick sections from each block 
were collected from the water bath by means of a narrow foil ring 
and transferred to slides for examination by phase contrast 
microscopy to check the angle of sectioning and tissue location. 
Ribbons of thin sections were flattened with the vapour of either 
trichloroethylene or chloroform, to minimise folds in the cell walls. 
The ribbons of three to five sections were collected on formvar- 
coated, carbon-shadowed copper grids ("Taab" 100 pm mesh). The 
sections were stained with fresh hP/o aqueous uranyl acetate for 45 
minutes, washed thoroughly by a continuous jet of distilled water 
and post-stained with lead citrate (Reynolds, I965) for 45 minutes, 
a few pellets of potassium hydroxide being placed in the petri dish 
to absorb carbon dioxide and so to prevent the formation of lead 
carbonate, which appears as black spots on the sections in the 
electron microscope. Excess stain was quickly washed off with a 
jet of 0.02 N sodium hydroxide, followed by running distilled water, 
and the grids finally dried on fine vellum paper. The sections were 
examined in a JEM T6s (1965) single-condenser electron microscope, 
working at 60 KV.
As the immediate field of view of the electron microscope is 
small relative to the size of the inner cortical cells (ca. 5OO p x 
100 p uncontracted and ca. 200 p x 200 p contracted, Wilson and 
Honey, I966), only a very small portion of a cell or wall can be 
seen at one time. Thus, a very misleading and incomplete impression 
of a wall can be obtained by looking only at a small portion of it, 
without being able readily to relate what is seen to the entire 
cell or the tissue as a whole.
To overcome this problem, charts, representing the grid bars.
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were drawn ont to scale. Sections were then mapped onto these 2 4
charts to provide a complete picture of all the various visible
walls, and the location of any portion of wall to be photographed,
indicated on the chart. Thus the position of the portion of
photographed wall could be considered in relation to either the
stele or outer cortex. This proved to be invaluable in relating
one photograph to the section as a whole and in identifying more
certainly than otherwise possible %hich wall of a cell was being
electron micrographed. Attention was paid to the horizontal,
radial and tangential walls as seen and identified in different
planes of section.
(ii) Pectinase treatment prior to fixation
Setterfield and Bayley (l957) recommended a method for exposing 
the cellulose microfibrils in collenchyma cell walls by treatment 
with the enzyme pectinase. Their procedure could not be followed 
completely, as the resin used in this investigation, once cured, was 
insoluble in any known reagent. However, the removal of non- 
fibrillar cell wall material before embedding proved useful in some 
instances.
Transverse slices (l-2 mm thick) of various parts of the root 
were cut in 10% pectinase (extracted from Aspergillus niger, supplied 
by Koch-Light Laboratories Ltd.) made up in 1% peptone and kept for 
three hours at 4°C. There was subsequent post-fixation in 1% 
osmium tetroxide in cacodylate buffer at pH 7.4, and the procedure 
was then followed for dehydration, embedding and sectioning as 
described in section-preparation for electron microscope (b (i)).
It did however prove very difficult to stain the remaining wall 
material sufficiently. The pectinaceous matrix once removed 
left behind only cellulose microfibrils which do not readily take
up electron dense stains. This was partially overcome hy doubling 3 5  
the staining times of both uranyl acetate and lead citrate 
(Reynolds, 1963)*
(iii) Maceration Technique
The root material was initially macerated in either 2% congo 
red in 1% sodium hydroxide (Kerr, 1951) or in 10% commercial 
pectinase (supplied by Koch-Light Laboratories Ltd.) in distilled 
water. In both treatments, sufficient exposure of the micro­
fibrillar wall content for electron microscopic examination of 
isolated cell wall fragments was not achieved. The pectinase 
treatment, in particular, produced long chains of cells joined 
mainly by their horizontal walls.
A much more satisfactory macerating reagent was a mixture of 
equal volumes of 10% chromium trioxide and 10% nitric acid. Portions 
of root material (not exceeding 2 cm in length) were treated thus, 
either for several days in a warm place or at a higher temperature 
for several hours. This was sufficient to separate the cells and 
reveal the microfibrils, but often the wall structure was masked 
by residual cytoplasm. This was removed by transferring the 
macerated material, well washed with distilled water, to ethanol- 
amine for 24 hours at 60°C, as adapted from the method used by 
Scott (1956). The material was then again washed well in
distilled water, hot initially, to remove all traces of ethanolamine. 
Individual cells, from the inner cortex, were selected under the 
binocular microscope and split open by means of very fine mounted 
needles. Wall fragments, predominantly radial/horizontal walls, 
were transferred to drops of water (membrane filtered, sterile 
distilled water) or drops of 50% alcohol on carbon coated grids.
After drying, the grids were then shadowed at an angle of 22°,
with gold/palladium, in an Edwards (Model E12 E) vacunm coating" 3 6
unit.
In an attempt to provide better wall fragments and a higher 
proportion of inner cell walls, a replica method, adapted from 
those described in Kay (1965), was tried. Not only did this 
technique prove very difficult but the results showed no improvement.
2. SOME OTHER MONOCOTYLEDONS
This investigation was initially concerned with the anatomy of 
root contraction in Hvacinthus orientaits, but since it began, the 
publications of Sterling (l972) and Reyneke and van der Schijff 
(1974) have prompted comparisons with other genera.
Gladiolus sp. corms were either planted in late April/May in 
garden soil, or grown in bulb jars (similar to those used for 
Hyacinth) and the same procedures followed. Only the adventitious 
roots arising from the new corm are contractile, as they serve to 
lower the new corm, which has formed directly above the parent one, 
into the soil. Contracted roots were excised, fixed and sectioned 
for both light and electron microscopy.
Similarly, contracted roots of garden-grown cultivars of
CL
Narcissus and Crocus and^"John Innes" compost-grown cultivar of 
Lilium were excised, fixed in formalin-acetic-alcohol and examined 
by light microscopy in much the same ways as those of Hyacinth.
Sections of contracted roots of Narcissus were also prepared 
for electron microscopy.
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CHAPTER III
OBSERVATIONS
1. HYACINTHES ORIENTALIS
(a) General Remarks
Quite early in their growth, roots show the well-known 
wrinkling characteristic of contraction, in their basal parts. 
Contraction is accelerated during flowering, and after ^lowering 
approximately the proximal third to half or more of each root 
appears very wrinkled. It is to be noted that individual surface 
folds do not completely encircle the root, but extend only 
partially round it, alternating with folds on the opposite side. 
(Fig. 1 ).
In the uncontracted parts of roots, as viewed in transverse 
section, the cortex is seen to consist of radial rows of cells 
9-10 deep, -which are hexagonal in shape, some-what rounded and 
with conspicuous intercellular spaces. They are apparently 
undifferentiated among themselves. Radial longitudinal sections 
reveal that these cells are axially elongated, as Wilson and Honey
(1966) found.
Transverse sections from contracted roots, on the other hand, 
show distinct zoning in the cortex. The epidermis and exodermis 
appear intact, while the cortex is differentiated into two very 
distinct regions; the outer cortex in which the cells have 
collapsed and are presumably moribund and the inner cortex, where 
the cells are turgid, active and growing; these cells have 
extended radially.
When viewed in radial longitudinal sections, the epidermis and 
exodermis appear to be thrown into large folds; their cells
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Fig. 1 Hyacinth bulb, well-contracted roots, grown in
water (x 2 ). The region of the root nearest
the base of the bulb is most wrinkled. Note the
individual folds or wrinkles do not completely 
encircle the roots, but show an alternate 
arrangement.
becoming somewhat crushed or distorted only in the troughs of the 3 9
folds. The outer cortex appears as a longitudinally continuous 
band of crushed cells. The inner cortical cells have changed in 
shape. They have extended radially and shortened axially to 
become now much squarer, as earlier workers have shown.
In both uncontracted and contracted roots these inner cortical 
cells are seen in sections to have transverse horizontal walls so 
that they are "square-ended", not tapering as Sterling (l972) 
considers. This interpretation of their shape, based on the study 
of sectioning, was confirmed by the examination of root segments 
Tdiich have been stained and cleared, so that the cells can be seen 
in three dimensions.
Contraction in Hyacinth roots is thus associated with the 
change in shape of the inner cortical cells. These observations 
are thus basically in agreement with those of most previous workers 
so far as they go. While Wilson and Honey (1966) emphasised the 
nature of the changes in the radial walls of the inner cortical cells, 
they did not pursue the full implications, for the tangential walls, 
of the contraction process.
It must be borne in mind that idiile contraction involves 
radial growth of horizontal walls, radial growth and axial shortening 
of radial walls, tangential walls suffer axial shortening but no 
significant increase in width. Thus, it is convenient to consider 
these three types of cell wall, and their participation in the 
contraction mechanism, in separate sections.
It might be objected that these cells do not always have 
strictly geometrically radial and tangential walls, and this is 
undoubtedly true. It is, however, convenient to refer to tangential 
and radial walls in the sense of "tangential-type" and "radial- 
type" walls: as will be seen, they differ fundamentally in their
behaviour during contraction. ~ 4 0
(b) Tangential Walls 
/kv -f
^ Young uncontracted parts o^ roots, the tangential walls of 
fully elongated cells, resemble typical vertical walls of parenchyma 
cells (Figs. 2-3  ), having more or less transversely oriented
pit-fields, though a helically organised secondary wall later 
appears.
After contraction^)Wilson and Honey (1966) noted that^^he 
tangential walls had further increased in thickness and 
birefringence, and had also retained their pit-field areas.
However, these authors made no explicit reference to the shortening 
-which must have occurred in these walls as a consequence of the 
axial shortening of the cells as a whole. The mechanism of this 
wall shortening could perhaps have been easily overlooked when 
examining only permanently mounted sections by polarisation 
microscopy.
However, observations of stained sections of contracted roots 
in normal light here show a specialised type of folding in the 
tangential walls. This takes the form of the separation of adjacent 
individual cell walls at intervals along their middle lamella to 
give rise to a "ballooning" effect; (Fig.4 ). Electron microscopy
shows that this, "ballooning" occurs between pit-field areas Wiere 
the walls adhere firmly: (Figs. 5 - 7  )• Sterling (l972)
also observed a similar form of "ballooning" in axial walls of 
Gladiolus but he did not localise it particularly in the tangential 
walls nor relate its location to the inter-pit-field areas.
(c) Radial Walls 
In uncontracted roots the radial walls of cortical cells
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Fig. 2 Hyacinth, nncontracted root. Transverse section of
cortical parenchyma, showing a tangential wall. 
(Electron micrograph, x  4,0 0 o ) .
Note the solid appearance, pits and plasmadesmatal 
connections in this tangential wall. The primary 
wall and middle lamella have stained more densely 
than younger, more recently formed wall layers.
Note the intercellular spaces where radial walls 
(not in micrograph) adjoin this tangential wall.
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Fig.3 Hyacinth, nncontracted root. Radial longitudinal
section of cortical parenchyma, showing part of 
a tangential wall. (Electron micrograph x  6,4 0 0 )
Note the intercellular space at the right hand 
side and a pit-field area (indicated hy an arrow) 
traversed hy plasmadesmatal connections. 
Cytoplasmic organelles and some wall layering are 
visible.
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Fig.4 Hyacinth, well-contracted root. Radial longitudinal 
section of inner cortical parenchyma, showing part 
of a tangential wall. (x 1,1 5 0 ),
At intervals along these walls "ballooning" occurs. 
The two adjacent tangential walls appear to be 
either pulled apart or to be thrown into folds, 
partially separating at the middle lamella. Compare 
this with Figs. 5 “ 7 of the tangential wall
as seen in the electron microscope.
44
Fig. 5 Hyacinth, slightly-contracted root. Radial
longitudinal section of inner cortical parenchyma, 
showing part of a tangential wall. (Electron 
micrograph, x 6,4 o 0 ).
At this stage, the "ballooning" between pit- 
fields has become well developed. Compare with 
Fig. 4
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Fig. 6 Hyacinth, well-contracted root. Radial 
longitudinal section of inner cortical 
parenchyma, showing part of a tangential 
wall. (Electron micrograph, x 1 1,0 0 0‘). 
Note the layering in the cell wall, the 
"ballooning" and a pit-field area in 
between.
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Fig. 7 Hyacinth, well-contracted root. Radial longitudinal 
section of inner cortical parenchyma, showing part 
of a tangential wall, cut obliquely. (Electron 
micrograph, x 6,4 0 0 ). Pectinase treatment prior 
to fixation.
Wall layering is shown more clearly. Note the 
pit-field (indicated by an arrow).
resemble axial primary walls of normal parenchyma cells; (Figs'. 8 >47 
9 ). They are weakly biréfringent with more or less transverse 
major extinction directions and numerous transversely elongated 
pit-fields. A secondary wall is later laid down, as indicated 
initially by the presence of faint helical striations, tending to 
occlude some of the pit-fields.
As contraction proceeds, as noted by Wilson and Honey (1966), 
the radial walls of inner cortical cells not only extend radially 
and shorten axially, but also increase in area. They become much 
more biréfringent due to their increasing thickness, their "crossed- 
microfibrillar" nature becomes more conspicuous, and the angle 
between the two sets of helical striations as seen by polarisation 
microscopy changes slightly during contraction. Also, as contraction 
proceeds the pit-field areas become completely occluded by the 
secondary wall and at the same time the adjacent radial walls of 
neighbouring cells lose their cohesion. (Figs.1 0 - 1 1  ). This 
detachment is evident not only from sections but also from 
dissections of segments of roots.
In order that the radial wall of a cell, which partially over­
laps the radial walls of adjacent cells, can extend itself radially,
%diile shortening axially, there must be a possibility of a certain 
degree of "slip" between two adjacent cells. This must be 
considered as an essential feature of the contraction process: it
emphasises the difference in structure and behaviour of the radial 
and tangential walls. (Fig. 10 ).
This difference may be further demonstrated by swelling the 
walls by the use of iodine/potassium iodide and sulphuric acid.
Hand sections, so treated, show different degrees of swelling in 
radial and tangential walls, revealing different internal structures.
In uncontracted roots these walls are much alike; they do not
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Fig.8 Hyacinth, nncontracted root. Tangential longitudinal
section of cortical parenchyma, showing part of two 
radial walls. (Electron micrograph, x 6,4 o 0 ).
Section, from within 4 cm of root tip, shows two 
radial walls and a horizontal wall (top right) 
meeting them approximately at right angles. Note 
the pit-field with plasmadesmatal connections 
(indicated hy an arrow).
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Fig.9 Hyacinth, nncontracted root. Transverse section
of cortical parenchyma, showing part of two radial 
and one tangential walls. (Electron micrograph,
X 5,2 0 0 ) .
Section from within 4 cm of root tip and even at 
this stage the difference in nature of the two 
walls is evident, the tangential wall (top right) 
appearing more solid.
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Fig.10 Hyacinth, slightly-contracted root. Transverse 
section of inner cortical parenchyma, showing 
part of two radial walls and a complete tangential 
wall. (Electron micrograph, x 5 ,2 0 0 ) .
Section, from end of a cell, shows the very 
different nature of the radial and tangential walls 
The tangential wall appears very solid and compact, 
while the radial walls of two adjacent cells appear 
to be separating. Along the radial walls the older 
microfibrillar layers, in the middle, are distorted 
and discontinuous.
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Fig.11 Hyacinth, slightly-contracted root. Transverse
section of inner cortical parenchyma showing part 
of a radial wall. (Electron micrograph, x 8,5 5 0 ). 
This further magnified portion of a radial wall 
shows the discontinuous older microfibrillar 
layers in the middle and the intact younger 
layers on the inside. Note the loose adherence 
of these two radial walls from adjacent cells.
swell readily but show some 5-8 layers rich in cellulose, 
alternating with non-cellulosic material: (Fig. 12 ). The
presumed cellulose layers stain blue and are also biréfringent, 
Pit-fields are still conspicuous at this stage.
In contracted root sections the radial walls of these inner 
cortical cells swell much more freely, revealing some IO-I6 layers 
(Figs. 13 —  16 ) while the tangential walls show little
change. (Fig. 1 7  ) .
In the outer cortex however, the radial walls still show only 
5-8 layers after contraction, emphasising the growth of the radial 
walls of the inner cortex during contraction.
The ready swelling and separation of layers in the growing 
radial walls may be considered in relation to the internal stresses 
imposed on the wall as it changes its shape. The older parts must 
be liable to distortion and disruption, and some degree of slip 
between layers which have been deposited at different stages in 
the contraction process is to be expected.
This is in fact visible in sections of swollen walls where the 
outer older layers are clearly torn and disrupted: (Figs. 13 -
1 6 ) .  It might of course be argued that this is a consequence 
of the swelling process, but the walls of uncontracted roots do 
not show it and, moreover, it is clearly revealed in the electron 
micrographs where torn and disrupted layers in the outer parts of 
walls are regularly to be seen: (Figs. 1 8 -  21 ).
(d) Macerations of axial walls
In fragments of macerated material examined by electron 
microscopy, it proved difficult to distinguish with certainty the 
two types of axial walls, and some uncertainty remained in the 
identification of inner and outer surfaces. The tangential walls
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Fig.12 Hyacinth, uncontracted root. Transverse section
of cortical parenchyma, showing radial walls after 
iodine/sulphuric acid treatment. (Polarisation 
microscopy, x 1,0 3 2 ),
Approximately 5-8 swollen layers are recognisable 
in each wall. Note there is no indication of 
separation of radial walls between adjacent cells 
or torn discontinuous older layers.
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Fig.13 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma, showing radial walls 
after iodine/sulphuric acid treatment. (Polarisation 
microscopy, x 1,0 3 2, i.e., same magnification as 
previous photograph).
The two adjacent radial walls have each some 10-16 
microfibrillar layers and these in the older parts 
of the walls are torn and discontinuous.
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Fig.14 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma, showing radial walls 
after iodine/sulphuric acid treatment. (Polarisation 
microscopy, x 1,0 3 2 ).
In the more recently deposited wall layers note 
the alternate wide and narrow layers.
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Fig.15 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma, showing radial walls 
after iodine/sulphuric acid treatment. (Polarisation 
microscopy, x 9 2 0 ).
Note the marked separation of the two adjacent 
radial walls. Approximately l6 microfibrillar layers 
are visible in one wall, of which some eight in 
the older part of the wall are torn.
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Fig.16 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma, showing radial walls 
after iodine/sulphuric acid treatment. (Polarisation 
microscopy, x 46 0 ).
These radial walls lie at the edge of the section 
and show how readily the layers begin to disintegrate 
after the acid treatment.
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Fig.17 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma after iodine/sulphuric 
acid treatment (x 5 2 3 ).
Note the distinct separation between radial walls 
of adjacent cells, but firm attachment along the 
tangential walls. The radial wall layers have 
swollen and the older layers are torn and discontinuous. 
Two horizontal walls, slightly out of focus, appear in 
face view.
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Fig.1 8 Hyacinth, well-contracted root. Transverse
section of inner cortical parenchyma, showing 
part of a radial wall. (Electron micrograph, 
X 1 6,5 0 0 ) .
This shows a middle portion of a radial wall 
where the walls from two adjacent cells have 
separated. Note the torn, discontinuous 
nature of the older microfibrillar layers.
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Fig, 1 9 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma, showing part of a 
radial wall. (Electron micrograph, x 7,5 0 o ).
Note the abundance of microfibrillar layers, in 
the corner of this radial wall, which have become 
torn and discontinuous in places, and the loose 
cohesion of radial walls from two adjacent cells.
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Fig*2 0 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma, showing part of a 
radial wall. (Electron micrograph, x 64o0 ),
Pectinase treatment prior to fixation.
Note the exposed, cellulose microfibrils after 
the removal of the matrix material, by pectinase. 
The older microfibrillar layers are torn, and each 
layer seems to show microfibrils "running” in 
predominantly two directions.
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Fig.21 Hyacinth, well-contracted root. Tangential
longitudinal section of inner cortical parenchyma, 
showing part of a radial wall. (Electron 
micrograph, x 7,2 o 0 ).
Note, again, the torn nature of the microfibrillar 
layers in the older part of the radial walls and 
the loose adhesion of radial walls from two 
adjacent cells.
were generally more difficult to dissect out as the cells tended 
to lie on their broader, squarer, radial faces. Some wall fragments 
from contracted material show scattered, transversely orientated 
pit-field areas, although sometimes these are occluded by the 
secondary wall material: (Figs. 2 2 -  2 3 ) .  From both light and
electron microscopy, it is noted that in contracted roots the pit- 
field areas have become completely obliterated in the more easily 
identified radial walls: (Fig.24  ). Thus, wall fragments with
pit-field areas are more likely to be of tangential walls.
Some shadowed wall fragments, considered to be of radial walls, 
show a distinct "crossed-microfibrillar" structure, though the 
cross-over angle varies in different specimens: (Figs. 25 -  26 ) ;
some of the wall layers appear very thin in places: (Figs. 2 7 -
3 0 ). Their thin areas do not resemble pit-fields in that 
they do not show the microfibrils pulled around the pit-field 
boundary (compare Figs. 2 4 and 2 9 ) .  These thin layers are 
interpreted as parts of the torn, older layers of the wall, 
disrupted by the continual radial extension. They are more 
likely to be a feature of growth rather than an anomaly of 
preparation as they have a certain unity of appearance.
(e) Horizontal walls
Wilson and Honey (1966) remarked that the horizontal walls of 
contractile roots of Hyacinth are unusual in that, with their 
tangentially orientated pit-fields, they resemble more the 
vertical walls of parenchyma cells. Further observation, however, 
by means of light and electron microscopy reveals some further 
unusual features.
As they showed, the appearance of the horizontal wall of inner 
cortical cells changes as contraction proceeds. Transverse sections
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Fig. 2 2 Hyacinth, slightly-contracted root. Macerated 
inner cortical cell, showing an axial wall with 
pit-field areas. (Electron micrograph, x 7,0 0 o ) 
Part of an axial wall, possibly tangential with 
elliptical pit-field areas, three of which are 
partly occluded. Note the"crossed-fibrillar" 
structure of the secondary wall.
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Fig.23 Hyacinth, slightly-contracted root. Macerated,
inner cortical cell showing same axial wall as 
previous micrograph hut area around pit-field 
indicated, has been further magnified.
(Electron micrograph, x 2 8,0 oo).
Note the arrangement of microfibrils pulled 
around the pit-field area and the primary wall 
material in the pit-field with a secondary helix 
below it.
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Fig. 24 Hyacinth, well-contracted root. Macerated inner 
cortical cell showing part of an axial wall. 
(Electron micrograph, x 2 8,0 0 0 ).
Two wall layers with different microfibrillar 
orientation are visible, and one is more in focus 
than the other. The "uppermost" layer has a 
distinct*'crossed-microfibrillar pattern, with the 
microfibrils appearing grouped in bands, and 
superimposed on one another rather than interwoven. 
Around the boundary of the elliptical "space" 
the microfibrils are arranged as they normally are 
around a pit-field area. Through this space, the 
dense layer with no evidence of the primary wall 
or "pitting" can be seen. The pit-field area has 
become occluded as the secondary wall layers are 
laid down.
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Fig. 25 Hyacinth, well-contracted root. Macerated inner 
cortical cell, showing part of an axial wall. 
(Electron micrograph, x 2 8,0 0 0 ).
This wall fragment (probably radial) shows the 
very much interwoven microfibrils with perhaps 
two main microfibrillar directions.
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Fig. 26 Hyacinth, well-contracted root. Macerated inner
cortical cell, showing part of an axial wall. 
(Electron micrograph, x 2 8,o 0 0 ).
Note the secondary wall layer showing, very 
distinctly, two different microfibrillar directions; 
the two sets of microfibrils lying in bands which 
are interwoven. Absence of pit-field areas in 
this wall fragment indicates it could be a radial 
wall.
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Fig.27 Hyacinth, well-contracted root. Macerated inner
cortical cell showing part of an axial wall. 
(Electron micrograph, x 9,0 0 0 ) .
Note the distinctive crossed-microfihrillar 
pattern, and the "thin-areas" in the secondary 
wall, probably radial.
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Fig.28 Hyacinth, well-contracted root. Macerated inner 
cortical cell, showing part of an axial wall. 
(Electron micrograph, x 9,0 0 0 ).
A very open meshwork of crossing-over micro­
fibrils with "thin-areas" in the secondary wall 
is visible, probably part of a stretched, torn 
layer from the older part of the radial wall.
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Fig.2 9 Hyacinth, well-contracted root. Macerated inner 
cortical cell, showing part of an axial wall. 
(Electron micrograph, x 2 8 ,0 0 0 ).
There is evidence of a "thin-area", where the 
microfihrils are not quite so dense, and which is 
believed to have arisen from the stretching of 
the outer layers of the radial wall, through 
contraction. A small part of the wall is folded 
over on itself causing the dark band on the 
right-hand side.
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Fig. 3 0 Hyacinth, well-contracted root. Macerated inner 
cortical cell, showing part of an axial wall. 
(Electron micrograph, x 2 8,0 0 0 ) .
Note the 'crossed-microfihrillar structure, two 
main directions of cellulose microfihrils and the 
"thin—area" in the wall, probably radial wall.
from uneontracted roots, when viewed by polarisation microscopy, ^
show very faintly biréfringent horizontal walls, each with numerous 
tangentially elongated areas of negligible birefringence resembling 
pit-fields: (Fig.31 ). In walls from a slightly-contracted region, 
the birefringence is more marked and these tangentially elongated 
areas seem to be spaced further apart, as might be expected in a 
growing wall in the manner described by Wilson (l957)«
In well-contracted regions of roots, transverse sections show 
that not only are the horizontal walls much thicker and very 
biréfringent but they resemble "thickened-plates" with the 
tangentially orientated "thin-areas" spaced even further apart, 
a change associated with the radial extension of these cells:
(Figs. 3 2 - 3 6  )• The secondary wall layers are apparently
laid down between these thin areas. Thus the question arises as 
to whether these thin areas axe pit-fields in the ordinary sense as 
they are still very evident in the thickened horizontal walls of 
contracted roots.
By polarisation microscopy also, it can be seen that each 
horizontal wall has its own individual crossed appearance, distinct 
from that of the cell above or below (Fig. 3 6 ) ,  which thus must 
limit any protoplasmic connection through mature horizontal walls.
If horizontal walls were composed of solid masses of secondary 
wall material, then there would have been little possibility for 
radial extension, which is so necessary in this contraction process. 
Instead, these polarisation micrographs (Figs. 3 5 - 3  6)  show a 
meshwork of thickened biréfringent regions with "thin-areas" of 
negligible birefringence in between, %diich would allow radial 
extension of the growing horizontal walls which is an essential 
part of the contraction process.
Electron micrographs of macerated horizontal wall fragments
from imcontracted roots, when viewed by polarisation microscopy, 0
show very faintly biréfringent horizontal walls, each with numerous 
tangentially elongated areas of negligible birefringence resembling 
pit-fields: (Fig. 31 ). In walls from a slightly-contracted region,
the birefringence is more marked and these tangentially elongated 
areas seem to be spaced further apart, as might be expected in a 
growing wall in the manner described by Wilson (l957)«
In well-contracted regions of roots, transverse sections show 
that not only are the horizontal walls much thicker and very 
biréfringent but they resemble "thickened-plates" with the 
tangentially orientated "thin-areas" spaced even further apart, 
a change associated with the radial extension of these cells:
(Figs. 3 2 - 3 6  ). The secondary wall layers are apparently
laid down between these thin areas. Thus the question arises as 
to Aether these thin areas are pit-fields in the ordinary sense as 
they are still very evident in the thickened horizontal walls of 
contracted roots.
By polarisation microscopy also, it can be seen that each 
horizontal wall has its own individual crossed appearance, distinct 
from that of the cell above or below (Fig. 3 6 ) ,  idiich thus must 
limit any protoplasmic connection through mature horizontal walls.
If horizontal walls were composed of solid masses of secondary 
wall material, then there would have been little possibility for 
radial extension, which is so necessary in this contraction process. 
Instead, these polarisation micrographs (Figs. 3 5 - 3  6)  show a 
meshwork of thickened biréfringent regions with "thin-areas" of 
negligible birefringence in between, which would allow radial 
extension of the growing horizontal walls which is an essential 
part of the contraction process.
Electron micrographs of macerated horizontal wall fragments
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Fig, 31 Hyacinth, iincontracted root. Transverse section 
of cortical parenchyma, showing very faintly 
biréfringent horizontal wall in face view. 
(Polarisation microscopy, x 7 0 0 ).
The unusual nature of this wall, indications of 
its "crossed" structure and tangentially elongated 
"thin-areas" close together are evident.
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Fig. 32 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma showing horizontal wall 
in face view. (Polarisation microscopy, x 7 0 0 ,
45° from extinction position).
An almost intact, radially extended horizontal wall 
with "thickened—plate" and tangentially elongated 
"thin-areas" spaced apart hounded by radial walls.
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Fig. 3 3 Hyacinth, well-contracted root. Transverse section
of inner cortical parenchyma, showing horizontal wall 
in face view. (Polarisation microscopy, x 7 0 0 ,
30° from extinction position.)
Same horizontal wall as previous photograph hut 
rotated 15°. Note "crossed" structure is more clearly 
evident.
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Fig. 3 4 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma showing horizontal 
wall in face view. (Polarisation microscopy,
X 70 0 , 60° from extinction position).
Same horizontal wall as previous two photographs but 
rotated 30° in the opposite direction to preceding 
photograph. Note a different "crossed" structure is 
more evident here.
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Fig.35 Hyacinth, well-contracted root. Transverse section, 
showing horizontal wall in face view. (Polarisation 
microscopy, x 58 0 ).
An almost intact horizontal wall with "thickened- 
plate" and tangentially elongated "thin-areas" 
spaced apart, hounded by radial walls.
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Fig.36 Hyacinth, well-contracted root. Transverse section 
of inner cortical parenchyma, showing horizontal 
wall in face view. (Polarisation microscopy,
X 5 8 0 ).
Part of the horizontal wall of one cell has been 
cut away and the adjacent wall of the next cell 
below can be seen. Note each wall, considered as 
a separate entity, has a "crossed" structure.
show, as do polarised light micrographs, the "thickened-plate" 
appearance with "thin-areas" in between; (Fig. 3 7 ). It is also 
evident, in the specimens so treated, that these "thin-areas" are 
not normal pit-fields, a term which is more applicable to primary 
walls rather than thickened secondary walls.
In radial longitudinal sections from contracted regions, which 
thus cut the horizontal walls vertically, small protuberances are 
evident over the entire length of the section of horizontal walls, 
though more conspicuous in certain parts of the wall than others. 
These protuberances represent the "bar-like" thickenings running 
more or less tangentially, becoming increasingly prominent as 
contraction proceeds: (Figs. 3 8 -  41 )• Electron microscopy
of radial longitudinal sections reveals protuberances at an earlier 
stage (Figs. 3 8 -  3 9 ), than can be observed by light microscopy 
where they are only just detectable in very contracted roots. The 
protuberances of a horizontal wall of one cell are in general not 
directly opposite those of the wall of the cell above or below; 
(Figs. 4 0 -  41  ). In many instances, they appear distinctly layered 
(Figs. 4 0 -  4 4 )> and it is evident that most of the
visible wall layers have been laid down since their initiation.
The horizontal walls often appear unsymmetrical in that the 
protuberances are much larger and thicker in some parts of the walls 
than others; (Fig. 4 1 ) .  Sometimes the protuberances themselves 
have become so thickened that the thickening has "grown-over" and 
completely enclosed the region between the protuberances; (Figs.4 0,
41 ).
As indicated earlier, the "thin-areas" between protuberances 
cannot wholly be considered as "normal" pit fields as the "thin- 
areas" of one wall do not correspond to those of the cell above or 
below it; (Figs. 4 0 “  4 1 ). However, in Fig. 4 5 ,  there is
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Fig. 37 Hyacinth, slightly-contracted root. Macerated
inner cortical cell, showing part of a horizontal 
wall. (Electron micrograph, x 3400 ).
Note the "thickened-plate" appearance of the 
horizontal wall, similar to that seen by 
polarisation microscopy. The tangentially elongated 
"thin-areas" are situated predominantly along the 
boundaries of the wall.
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Fig.38 Hyacinth, uncontracted root. Radial longitudinal 
section of cortical parenchyma, showing part of a 
horizontal wall. (Electron micrograph, x 6,4 o o ), 
Section cut from within 4 cm of root tip. Very 
slight protuberances (indicated by an arrow) in 
the thin horizontal wall are visible. These are 
the forerunners of the thickened bars of the 
horizontal walls of contracted roots.
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Fig.39 Hyacinth, nncontracted root. Radial longitudinal 
section of cortical parenchyma, showing part of a 
horizontal wall. (Electron micrograph, x 7^ 5 o o ) . 
Section cut from within 8 cm of the root tip 
(same root as previous micrograph). The 
protuberances are slightly more pronounced. Note 
the differential staining of early and later 
formed cell wall layers.
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Fig.4 0 Hyacinth, slightly-contracted root. Radial
longitudinal section of inner cortical parenchyma, 
showing part of a horizontal wall. (Electron 
micrograph, x 4,6 0 0 ).
Horizontal wall shows well-developed protuberances. 
Those from the wall of one cell do not always 
correspond in position to those on the wall of the 
cell above or below. Certain of the "thin-areas" 
appear to have become "grown-over" by the later 
deposited wall layers. Newly formed wall layers 
stain less densely than older ones.
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Fig.41 Hyacinth, well-contracted root. Radial longitudinal 
section of inner cortical parenchyma, showing part 
of a horizontal wall. (Electron micrograph, x6^3 5 0 ). 
The protuberances are very pronounced in this 
portion of wall, although at one side they are much 
larger and then gradually taper off in size. Those 
on one side of the wall generally do not correspond 
to those on the other side.
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Fig.4 2 Hyacinth, well-contracted root. Radial longitudinal 
section of inner cortical parenchyma, showing part 
of a horizontal wall. (Electron micrograph, x 6,40 0 
Pectinase treatment prior to fixation.
Removal of matrix material allows the wall layers 
to separate. Some indication of different micro­
fibrillar orientation in the later deposited wall 
is evident.
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Fig. 4 3 Hyacinth, slightly-contracted root. Oblique
radial/transverse section of inner cortical parenchyma, 
showing part of a horizontal and a radial wall. 
(Electron micrograph, x 6,4 0 0 ).
Part of "thickened-plate"of horizontal wall, cut 
obliquely, is evident, next to the radial wall of an 
adjacent cell. Note the lamellation of the bars of 
thickening and the way in which the "thin-areas" 
have become enclosed.
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Fig. 4 4 Hyacinth, well-contracted root. Oblique radial/ 
transverse section of inner cortical parenchyma, 
showing part of a horizontal wall and a radial wall. 
(Electron micrograph, x 3 4 0 0 ).
Note the lamellation in the radial wall and the 
thickened bars in the horizontal wall and the way 
in \diich the "thin-areas" of this wall have become 
enclosed.
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Fig. 4 5 Hyacinth, well-contracted root. Radial longitudinal 
section of inner cortical parenchyma, showing part 
of a horizontal wall. (Electron micrograph, X3150 
Fixation in 2P/o potassium permanganate.
Shows again the pronounced protuberances along the 
horizontal wall, although with this fixation the 
wall structure is less clear, the cytoplasm is 
better shown. Note the apparent genuine pit-field 
(indicated by an arrow), which is different from the 
other "thin-areas" in the wall.
apparently distinguishable a putative pit-field, and associated 9 0
with it an accumulation of cytoplasmic material and organelles.
In the boundary region, between the inner and outer zones of 
the cortex, it may be seen that some cells which had previously 
extended radially have now become crushed, so that the horizontal 
walls are markedly crumpled, the "plate" has become distorted and 
the "thin-areas" compressed together again. In electron micro­
graphs of radial longitudinal sections from this region horizontal 
walls appear in a bent and distorted condition; (Fig.4 6 ).
On staining and swelling with iodine and sulphuric acid, 
horizontal walls turn blue, indicating their predominantly 
cellulosic composition. In similarly treated radial longitudinal 
sections from contracted roots, the layers in the horizontal wall 
may be seen to swell sufficiently to reveal approximately ten of 
them. Attempted staining with phloroglucinol and hydrochloric acid 
shows no evidence of lignification. (cf. Reyneke and van der Schijff, 
1974).
(f) Inter-relationship between horizontal and radial vails 
and tangential and radial walls
There are thus, in the cells of the inner cortex, horizontal 
walls which grow radially, radial walls which grow radially and 
shorten axially, and tangential walls which shorten axially, all 
these changes, which are associated with root contraction, taking 
place during or after deposition of a secondary wall. It is thus 
necessary to consider the inter-relationships of these different 
structures and types of behaviour.
It is clear that the secondary wall, which is laid down during 
the contraction process, has a "crossed-fibrillar" structure, as 
evident from polarisation and electron microscopy, and it seems
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Fig. 4 6 Hyacinth, well-contracted root. Radial longitudinal 
section of cortical parenchyma, showing part of a 
horizontal wall from the most peripheral part of the 
inner cortex. (Electron micrograph, x ' 4,o 0 o) . 
Pectinase treatment prior to fixation.
The wall is beginning to crumple although the 
protuberances can still be seen.
likely that this is an essential feature of the total mechanism.
Of the three types of cell-wall behaviour summarised above, it 
seems appropriate to focus attention particularly on the horizontal 
and radial walls, where real growth takes place: the crumpling or
ballooning of the tangential walls seems by comparison to be a 
more passive process, though facilitated of course by the controlled 
breakdown of the tangential wall middle lamellae.
Concerning the horizontal/radial wall relationship, it is 
significant that flattened macerated fragments and sections oblique 
to either wall indicate that the microfihrils in the bars of 
thickening on the horizontal walls "fan out" into the two fibrillar 
directions of the radial walls as they pass over the upper and lower 
radial edges of the cell: (Figs. 4 7 -  5 0 ). This emphasises
the intimate relationship between the growth of the horizontal and 
radial walls, to which further attention is given in the discussion.
As regards the tangential/radial wall relationship, there is 
no real detailed evidence of microfibrillar continuity between the 
two walls. Both walls do however have a "crossed-fibrillar" 
structure and hence continuity of this from one wall to the other 
seems to be a reasonable assumption based on oblique radial 
longitudinal sections: (Figs.51 -  5 2 ). Their different behaviour
in contraction may be related to the differences of structure as 
revealed by iodine and sulphuric acid treatment.
(g) Passively affected tissues 
The axial shortening and radial extension of the inner cortical 
cells give rise to changes of a more passive nature in the other 
tissues of the root.
Layers of cells of the outer cortex become crushed, compressed 
and moribund during the contraction process. They appear to play
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Fig. 47 Hyacinth, slightly-contracted root. Part of a
macerated inner cortical cell, showing horizontal 
and radial walls flattened into the same plane. 
(Electron micrograph, x 7,5 o 0).
Note the tangentially elongated "thin-areas" of the 
horizontal wall and the cellulose microfihrils 
concentrated between them "fanning-out" into the 
"crossed-fibrillar" framework of the radial wall.
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Fig, 48 Hyacinth, well-contracted root. Fragment of a
macerated inner cortical cell, showing a horizontal 
and a radial wall flattened into the same plane. 
(Electron micrograph, x 7,5 o 0 ) .
The microfihrils concentrated between tangentially 
orientated "thin-areas" of the horizontal wall, 
passing into the "crossed-fibrillar" framework of 
the radial wall.
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Fig. 49 Hyacinth, well-contracted root. Fragment of a
macerated inner cortical cell, showing part of a 
horizontal and a radial wall flattened into the 
same plane. (Electron micrograph, x 61 o 0 ).
The broken transverse strands are thought to 
represent remains of the cytoplasm.
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Fig,5 0 Hyacinth, well-contracted root. Radial longitudinal 
section of inner cortical parenchyma, showing part of 
horizontal and radial walls cut obliquely. (Electron 
micrograph, x 6,4 0 0 ).
Pectinase treatment prior to fixation.
Note the "bar-like" structure of the horizontal wall 
and the relationship of one of these bars to the 
radial wall, and in the radial wall the marked 
"crossed-fibrillar" structure.
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Fig. 51 Hyacinth, slightly-contracted root. Radial longitudinal 
section of inner cortical parenchyma, showing "corner" 
portions of three cortical cells. (Electron micrograph, 
X 4,6 0 0 ) .
Note the bars of thickening in the horizontal wall (top, 
right) lamellation and "crossed-microfibrils" (bottom, 
centre).
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Fig. 5 2 Hyacinth, well-contracted root. Oblique radial
longitudinal section of inner cortical parenchyma, 
cut through the "corner" of a cortical cell. 
(Electron micrograph, x 5 2 0 0 ).
Horizontal wall passing out of top of print; 
tangential walls cut obliquely below: radial wall
cut paradermally bottom left of centre. Note 
multilayered secondary structure.
no part in the contraction hut their compression allows space for 
the radial expansion of the inner cortex without its causing a gross 
increase in the diameter of the root.
In contrast however, the epidermis and exodermis remain 
largely intact during and after contraction (Fig. 5 3 ) hut are 
thrown into the externally visible larger folds, characteristic 
of contracted roots, and only the cells at the bottoms of the 
"troughs" of the folds become significantly distorted. On 
application of Sudan IV, the apparently slightly thickened walls of 
the exodermis take up the stain, suggesting some degree of 
cutinisation or suherisation. Both radial longitudinal and 
transverse sections show that the cells of the exodermis do not 
vary very much in length and width (cf. Chen, I969).
Wilson and Honey (1966) noted that the stele remains straight 
during contraction. The stele, as such, unlike the exodermis and 
epidermis, is not thrown into very pronounced folds. But, as a 
consequence of the contraction of the inner cortical cells, the 
longitudinal walls of the endodermis (including even the Casparian 
strip), the pericycle, the vascular parenchyma and the xylem 
elements become markedly undulated, on a much smaller scale;
(Figs. 54 - 5  5 ). This feature was observed by both light and 
electron microscopy. It is noteworthy that the tracheae of the 
metaxylem, like those of the protoxylem, have either spiral or 
annular thickenings, and in contracted roots, the thin parts of 
the walls between the thickenings become conspicuously convoluted: 
(Figs. 5 6 -  5 8 ). The spiral or annular thickenings thus
facilitate the axial shortening of the xylem elements.
99
190
Fig.5 3 Hyacinth, well-contracted root. Transverse section 
of epidermis and exodermis (x i^ o 5 8 ).
Note the regularity in shape of cells in the 
exodermis and the crushed, disorganised appearance 
of the cells in the next innermost layer, the outer 
cortex.
IFig. 5 4 Hyacinth, well-contracted root. Radial longitudinal 
section, showing part of an endodermal cell wall. 
(Electron micrograph, x 2_g 0 o) .
Part of the convoluted wall with the cytoplasm from 
the adjacent cell appearing between the folds.
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Fig.55 Hyacinth, well-contracted root. Radial longitudinal 
section, showing part of the vascular parenchyma. 
(Electron micrograph, x 2,6 o o ).
Note the wavy appearance of the vertical walls of 
vascular parenchyma cells.
1Ô3
Fig. 5 6 Hyacinth, uncontracted root. Radial longitudinal 
section, showing part of a metaxylem vessel wall. 
(Electron micrograph, x 6,4 0 0 ).
Part of a metaxylem vessel wall with spiral 
thickenings on the inner part of the wall. The 
thin wall between the thickenings is more or less 
straight.
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Fig. 57 Hyacinth, well-contracted root. Radial longitudinal 
section, showing contracted vessel elements. 
(Electron micrograph, x 2,5 8 0 ) .
Note the convoluted thin areas of the wall between 
lignified spiral thickenings. The walls of adjacent 
parenchyma cells also become wavy.
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Fig. 5 8 Hyacinth, well-contracted root. Radial longitudinal 
section, showing contracted vessel elements. 
(Electron micrograph, x 3200 ).
Note the convoluted thin areas of the wall between 
the lignified spiral thickenings.
2. SOME OTHER MONOCOTYLEDONS " 106
(a) Gladiolus (cultivars)
The corms of Gladiolus produce two very contrasted kinds of 
roots, hoth of which may he seen towards the end of the flowering 
period. These are thin, spindly, branched, uncontracted roots 
characteristic of the old parent corm, and thick, fleshy roots, 
approximately twice the diameter of these which are produced at 
the base of the new corm and which become very wrinkled and 
contracted at their proximal ends. The new corm develops at the 
base of the shoot, directly above the parent corm, which gradually 
shrivels, so that the production of contractile roots early in its 
development is morphologically understandable and not unexpected.
The general anatomy of the cortical Hssues of these contracted 
roots is somewhat different from that of Hyacinth roots in that 
three cortical zones, rather than two only, can readily be 
recognised. Within a substantially intact epidermis and exodermis 
there is an outer cortex of many crushed, moribund cells, a middle 
cortex of contractile cells and an inner cortex of cells which are 
passively shortened, though not crushed: (Figs.5 9 ” 6 0 ) .
In radial longitudinal sections the epidermis and exodermis 
(whose cells are variable in size) are seen to be thrown into large 
folds, and the crushed condition of the outer cortex is clearly 
axially continuous in the contracted region. The cells of the 
middle cortex become shorter and squarer than those of uncontracted 
regions, while those of the inner cortex are still long and narrow, 
with undulated or "ballooned" axial walls. Cleared root segments, 
vdiich provide a three-dimensional view of the middle cortical cells, 
show that the "ends" (i.e. the horizontal walls) of these cells 
are virtually flat and transversely orientated; tapered or pointed 
ends to these cells, with the associated cellular interdigitation.
107
500 F
Fig.59 Gladiolus, uncontracted root. Transverse section
of cortical parenchyma extending from the epidermis 
to the endodermis. The cortex has hexagonally 
rounded cells and does not show any sign of 
differentiation into three cortical zones. 
Magnification; twice that of the next photograph.
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Fig, 60 Gladiolus, well-contracted root. Transverse section 
of cortical parenchyma extending from the epidermis 
to the endodermis. The epidermis and endodermis 
appear intact. Note the three different cortical 
zones; the outer cortex has many layers of crushed 
moribund cells (shown by dashed lines), the middle 
cortex has radially extended cells with loose 
adherence along their radial walls and the inner 
cortex has hexagonally rounded unextended cells. 
Magnification; half that of preceding photograph.
as described by Sterling (l972), is certainly not a general feature, 1 0 9  
The endodermis and vascular tissues and the axial walls are 
undulated on a small scale.
Thus, in Gladiolus, the anatomy suggests very clearly that it 
is the turgid, metaholically active cells of the middle cortex 
which are contracting, and that the general situation is very much 
the same as in Hyacinth, in that these cells extend radially and 
shorten axially: (Figs.5 9 “ 6 0) .  This interpretation is further
strengthened by detailed study of the cell walls of the middle 
cortical cells.
As for Hyacinth (see p. 39 )> the three types of cell wall, 
lying in different planes, will he briefly considered separately.
The two axial walls, the "tangential-type" and the "radial- 
type" behave very differently in the contraction process. The 
tangential wall shows "ballooning": (Figs. 6 1 - 6 3  ) a feature
to \diich Sterling (l972) drew attention, though he did not relate 
it specifically to the tangential wall. As in Hyacinth, the 
"ballooning" occurs in between areas of adhesion between cells 
which are in the locality of the pit-fields: (Fig. 6 2 ) .  Some
suggestion of this point is shown in Sterling’s Plate 4F, though he 
does not comment on it.
In the contracted root, as seen in transverse section, adjacent 
radial walls, Wiich are very much longer than the tangential walls, 
adhere only very loosely together, and appear to he separating.
On staining with iodine and sulphuric acid both the radial and 
tangential walls give the blue reaction for cellulose, though the 
radial walls, unlike those of Hyacinth, could not be seen to swell 
and laminate. However, electron micrographs of transverse sections 
show that in the older, outer parts of the radial walls the micro­
fibrils are disorganised (Fig.64), and in some instances the two
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Fig. 61 Gladiolus, well-contracted root. Radial longitudinal 
section of middle cortical parenchyma, showing part 
of a tangential wall. (x 1,0 3 2 ),
There is very conspicuous "ballooning" at intervals 
along this wall, very similar in nature to that in 
tangential walls in Hyacinth. (See Fig, 4 ).
Compare this with the electron micrograph of this 
wall in Gladiolus.
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Fig. 62 Gladiolus, well-contracted root. Radial longitudinal 
section of middle cortical parenchyma, showing part of 
a tangential wall. (Electron micrograph, x 6^ 0 o 0 ). 
Note the "ballooning" between the pit-field areas 
(indicated by an arrow) as was observed for contracted 
roots of Hyacinth (see Fig. 5 )
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Fig. 6 3 Gladiolus, well-contracted root. Radial longitudinal 
section of middle cortical parenchyma, showing part 
of a tangential and a radial wall cut paradermally. 
(Electron micrograph, x 4, 0 0 0 ).
Note the "ballooning" in the tangential wall and the 
many layers in the radial wall.
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Fig. 64 Gladiolus, well-contracted root. Transverse section 
of middle cortical parenchyma, showing part of a 
radial wall. (Electron micrograph, x 9 o 00 ).
Note the different nature of the various layers of 
microfihrils in the wall; the newly formed ones 
lying obliquely to the plane of sectioning, (a 
factor which could prevent the layers from swelling 
with sulphuric acid) and the twisted and distorted 
older layers of microfihrils; a similar feature was 
observed in Hyacinth (see Fig.18 ).
radial walls of adjacent cells are distinctly separated (Fig. 6 5 )> 1 1 4  
in contrast to the tangential walls which remain very solid and 
firmly attached in appearance: (Figs. 6 6 -  6 7 ). Also, the most
recently laid down radial wall layers have a different structural 
organisation from the older wall (Figs. 64 - 65  ), which may he 
related to the reduced swelling effect of the sulphuric acid.
The horizontal walls, seen hoth hy polarisation and electron 
microscopy, also appear very similar to those of Hyacinth:
(Figs. 6 8 - 7 1  ). Polarisation microscopy of transverse
sections shows that these walls are in the form of thickened plates, 
with tangentially orientated "thin-areas", predominantly near their 
radial boundaries. The walls clearly become radially extended:
(Figs. 6 8 - 6  9 ). Radial longitudinal sections, viewed by both 
normal light and electron microscopy, show the thick and thin 
regions of these walls giving a "bar-like" structure (Figs.7 0 - 7 1  ) 
of essentially the same nature as in Hyacinth: (Figs. 4 0 -  4 1 j
Sterling (l972) evidently failed to see them.
(b) Narcissus (cultivars)
The bulbs of Narcissus develop contracted roots, the proximal 
third or half of which become very wrinkled by the end of the 
flowering period. Here, again, the general anatomy of contracted 
roots is basically very similar indeed to that of Hyacinth. In 
uncontracted roots transverse sections show a cortex composed of 
hexagonally rounded cells not differentiated into inner and outer 
cortex. Transverse sections show an intact epidermis and 
exodermis, a crushed, many-layered outer cortex and an inner 
cortex in idiich three to four "layers" of cells have extended 
radially to a considerable degree.
Radial longitudinal sections show that the epidermis and
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Fig.65 Gladiolus, well-contracted root. Transverse section 
of middle cortical parenchyma, showing part of a 
radial wall. (Electron micrograph, x 7,5 0 0 ).
Note the separation along the middle lamellae of 
radial walls from adjacent cells, and the different 
nature of the various layers of microfihrils.
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Fig.6 6 Gladiolus, well contracted root. Transverse section 
of middle cortical parenchyma, showing part of a 
tangential wall. (Electron micrograph, x 7,5 0 0 ).
Note the very solid nature of the tangential wall and 
its pit-field area, the several layers of microfihrils 
and those in the older part of the wall appear to have 
a different orientation to those in the more recently 
formed layers. Tangential wall is much shorter than 
either of the two radial walls from the same cell.
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Fig.6 7 Gladiolus, well-contracted root. Transverse section of 
middle cortical parenchyma, showing part of two radial 
walls and a tangential wall. (Electron micrograph,
X 28,0 0 0 ).
The very different nature of the radial and tangential 
walls is noticeable. In the tangential wall, the layers 
of microfihrils adhere very firmly together, hut not in 
the radial walls where there is evidence of separation 
along their middle lamellae. The older layers of micro­
fihrils appear to have a different orientation to the 
more recently formed layers Wiich lie at right angles to 
the plane of sectioning.
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Fig.68 Gladiolus, well-contracted root. Transverse section 
of middle cortical parenchyma, showing three intact 
horizontal walls in face view. (Polarisation 
microscopy, x 4 6 o ).
Horizontal walls in face view are readily visible 
in transverse section of Gladiolus. Note the 
radially extended "thickened-plate" appearance and 
tangentially elongated "thin-areas". Radial and 
tangential walls are also visible.
119
Fig.69 Gladiolus. well—contracted root. Transverse section 
of middle cortical parenchyma, showing a horizontal 
wall. (Polarisation microscopy, x i ,o3 2 ).
Note again the radially extended "thickened-plate" 
appearance, the conspicuous tangentially elongated 
"thin-areas" of negligible birefringence and faint 
indications of a "crossed" structure. These walls 
in Gladiolus closely resemble those in Hyacinth.
(See Figs. 35-3 6j
1:0
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Fig.7 0 Gladiolus, well-contracted root. Radial longitudinal 
section of middle cortical parenchyma, showing part 
of a horizontal wall. (Electron micrograph, x 4 6 0 o ) 
Note "har-like" appearance along the horizontal wall 
similar to that observed in Hyacinth (see Fig.4 0 ) .  
The most recently formed wall layers are less dense 
than the older ones.
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Fig. 71 Gladiolus, well-contracted root. Radial longitudinal 
section of middle cortical parenchyma, showing part 
of a horizontal wall. (Electron micrograph, X 4 6 0 0 ) 
Note, again, the "bar-like" appearance in the 
horizontal wall.
exodermis are thrown into large folds, the exodermal cells varying 
in size, as Chan (l95l) and Chen (19^9) observed. The crushed 
condition of the outer cortex is axially continuous in the 
contracted root. Comparison with imcontracted regions shows that 
the cells of the inner cortex have indeed changed in shape ; they 
have shortened quite appreciably and are now more square. As in 
Hyacinth, the lignified annular or helical thickenings of xylem 
tracheae are drawn much closer together and the axial walls show 
much small-scale undulation.
The "tangential-type" wall (see Hyacinth p. 39 ) viewed in 
radial longitudinal sections, by both light and electron microscopy, 
exhibits the characteristic "ballooning" feature. Electron micro­
graphs again show the presence of pit-field areas at the points of 
wall adhesion with the "ballooning" in between: (Fig. 7 2 ). The
tangential wall as seen in transverse section shows no swelling or 
separation of layers after being treated with iodine and sulphuric 
acid.
Adjacent "radial-type" walls, on the other hand, can be seen 
in transverse sections of contracted roots adhering only very 
loosely together, and there are no pit-field areas visible as in 
Hyacinth. On staining and swelling with iodine and sulphuric acid, 
the cellulose component of the walls turns blue and readily swells 
to reveal approximately l6-20 wall layers, the older ones of which 
are rather discontinuous and disorganised (Figs.7 3 -  7 5 ) ,  a 
behaviour very similar to that of the radial walls in Hyacinth. 
Polarisation microscopy of radial longitudinal sections shows a 
distinct "crossed-microfibrillar" appearance of the radial walls 
and the absence of visible pit-field areas in them.
The "horizontal-type" walls, as seen in transverse sections 
by polarisation microscopy are composed of radially extended, narrow
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Fig.72 Narcissus, well-contracted root. Radial longitudinal 
section of inner cortical parenchyma, showing part of 
a tangential wall. (Electron micrograph, x 3 7 0 0 ).
Note the "ballooning" appearance in between points of 
adhesion, located in the region of the pit-field areas 
(indicated by an arrow). A similar feature was 
observed in Hyacinth (see Fig. 5 )•
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Fig. 7 3 Narcissus, \irell--contracted root. Transverse section 
showing radial walls after iodine/sulphuric acid 
treatment. (Polarisation microscopy, x 70 0 ),
Note the distinct separation between radial walls 
of adjacent cells. Here, as in Hyacinth (see Fig.1 5) 
the older layers of the wall are disrupted and 
the more recently deposited parts show alternate 
wide and narrow layers.
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Fig. 7 4 Narcissus,well-contracted root. Transverse section 
showing part of two adjacent radial walls after 
iodine/sulphuric acid treatment. (Polarisation 
microscopy, x 7  6 0 ).
Some 16-18 microfibrillar layers are visible and 
the older deposited layers are torn and 
discontinuous. There is a marked separation 
between radial walls of adjacent cells.
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Fig. 7 5 Narcissus, we11-contracted root. Transverse section 
showing part of two adjacent radial walls after 
iodine/sulphuric acid treatment. (Polarisation 
microscopy, x 1,2 2 4 ).
Approximately 18-20 layers are visible in each wall. 
In some instances the layers appear to be grouped 
together in bands giving the appearance of alternate 
wide and narrow layers. Note the very discontinuous 
nature of the older microfibrillar layers.
"plate-like" structures with tangentially elongated "thin-areas", 
predominantly along the radial edges: (Fig.7 6 ). As with Hyacinth,
radial longitudinal sections, viewed hy hoth light and electron 
microscopy, show that these walls have very pronounced protuberances, 
indicative of their "bar-like" structure: (Fig. 77  ), In short,
here too, these three "wall-types" show very similar features to 
those of Hyacinth and Gladiolus.
(c) Crocus and Lilium (cultivars)
The contractile roots of cultivars of Crocus and Lilium, though 
not illustrated here, show the same essential anatomical features 
as Hyacinth. Transverse sections of contractile roots of both show 
a crushed outer cortex and an inner cortex where the cells have 
extended radially and adjacent cells have separated along their 
radial walls.
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Fig.7 6 Narcissus, well-contracted root. Transverse section 
showing horizontal walls in face view, (Polarisation 
microscopy, x 4 6 0 ).
Note the radially extended "thickened-plate" 
appearance of this wall and the tangentially 
elongated "thin-areas". This photograph shows three 
almost intact horizontal walls in face view, and 
intact horizontal walls are readily visible throughout 
transverse sections. Note similarity to horizontal 
walls in Hyacinth (see Fig. 3 5 )
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Fig, 77 Narcissus, well-contracted root. Radial longitudinal 
section of inner cortical parenchyma, showing part of 
a horizontal wall. (Electron micrograph, x 3,500 )•
Note the "bar-like" structure (as in Hyacinth; see 
Fig. 4 0 ) along the horizontal wall.
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CHAPTER IV 
DISCUSSION
The structural features of contracting roots in general terms 
and of their contractile cells in particular have been described, 
principally by reference to Hyacinth, but also, though much less 
completely, in Gladiolus and Narcissus. Though differences of 
detail exist, the general pattern in all three genera is not 
basically dissimilar. Thus it now remains to consider these facts 
together with the findings of other published work and to formulate 
a coherent view of the contractile process most consistent with them.
In Hyacinth the contractile cells are visibly unusual at quite 
an early stage in that the pit-fields of their primary horizontal 
walls are tangentially orientated, a feature -vdiich is perhaps a 
forerunner of their radial growth to follow; compare for instance 
the observations of Scott _et (l956) on the cortical cells of 
onion roots.
Before these cells pass onto the contractile phase their walls
thicken in a "crossed-fibrillar" pattern, and their radial growth
d
and axial shortening accompanies this thickening. Thus, while the 
latter resembles the secondary thickening of other parenchyma cells, 
perhaps here the walls should be referred to as being of a 
"thickened-primary" nature (Majumdar and Preston, 194l).
Although this "crossed-fibrillar" structure can be recognised 
on all sides of the contractile cells, it differs in different 
regions. In the horizontal walls the two fibrillar directions both 
approximate roughly to the tangential direction; moreover, the 
thickening is not uniform but there remain conspicuous tangentially 
orientated thin areas, some of which at any rate are pit-fields. In
the "radial-type" walls the pit-fields of the primary wall become 1  0  1
completely occluded and the wall, as seen by polarising microscope, 
appears uniformly crossed-fibrillar. On the "tangential-type" 
walls some, at least, of the pit-fields between cells remain in 
existence and traversed by plasmadesmata during contraction.
As Fig.47 shows, as the microfibrils of the horizontal walls 
pass round the radial cell corners they "fan out" into the crossed 
structure of the radial walls. Thus one can visualise that as 
the horizontal walls grow radially, their microfibrils moving with 
the radial extension of the cell, will exert obliquely orientated 
tension on those of the radial walls, thus changing the shape of 
these walls and pulling them into the radially longer and axially 
shorter shape characteristic of their condition in the contracted 
root.
The tangential walls are required merely to shorten axially; 
this they do by corrugation or, more characteristically, by 
"ballooning", as shown in Figs. 4-6
If the relationship between the horizontal and radial type walls 
outlined above is correct, then certain consequences might be 
expected to follow from it.
Firstly, as the radial walls change in shape, growing radially 
perhaps by a factor of x 2-3 and shortening by some 20-30^ (Wilson 
and Honey, 1966) one might expect their older, outer layers to 
become torn, or at least disorganised as the changes proceed, and 
this does indeed occur. It is evident in transverse sections 
treated with iodine and sulphuric acid (Fig.13 ) and also in 
ultra-thin sections as shown by electron microscopy (Fig.1 8 ).
Furthermore, one might expect some rather special degree of 
internal plasticity in the structure of these walls. Evidence for 
this, it is postulated, may be drawn from the ready way in which
the walls become conspicuously lamellated after sulphuric acid " i 3 2
treatment (Fig. 13 ); tangential walls do not show this behaviour.
It is doubtless this internal plasticity which allows the 
changes in shape of the radial walls and the change in their micro­
fibrillar angles (described by Wilson and Honey) to take place, 
though the strict qualitative significance of these observations 
seems obscure.
In addition to the internal plasticity of the radial walls 
there must be a certain degree of "slip" between the radial walls 
of adjacent cells. This is facilitated by occlusion of the pit- 
field areas (involving presumably breakdown of plasmadesmata) and 
lysis of the middle lamellae. This "slip" between cells is 
necessary to permit axial shortening and radial extension, as the 
radial walls of one cell partially overlaps the radial walls of two 
or more radially adjacent cells. The lack of cohesion between 
these radial walls is evident both from sections and dissections.
In contrast, however, there is no "slip" but firm adherence 
between adjacent horizontal walls, demonstrated on dissection by 
axial chains of cells which remain joined together by these walls.
This is, of course, necessary for contraction of the tissue as a 
whole to occur.
Neither is there any "slip" between adjacent tangential walls.
The pit-field areas do not become obliterated. Sections show that 
although there may be "ballooning" at intervals along the tangential 
walls, the areas of adhesion among the "balloons" are localised in 
the region of the pit-fields. Presumably this firm cohesion relates 
to the necessity for radial transport in the contractile growth 
process.
While the inner cortical cells thus expand radially, space for 
this expansion is afforded by the collapse and crushing of the outer
cortical layers, \diich do not extend to the exodermis and epidermis.
The toughened and coherent exodermis and epidermis act as a 
necessary restrictive surface layer, ensuring the strictly radial 
extension of the contractile cells and preventing a disproportionate 
and less ordered radial expansion of the root. As the root shortens 
they are drawn into large folds, each of "vdiich, it is interesting 
to note, does not completely encircle the root. A ridge on one 
"side" of the root corresponds to a furrow between ridges on the 
other "side". Thus the ridges appear to alternate.
This pattern of folding would seem to be an essential one: if
the ridges were completely circumferential they would involve 
longitudinally localised extension of epidermis and exodermis in 
the tangentially peripheral direction which would seem to be 
incompatible with their toughened nature at this stage. When ridge 
and furrow are opposite each other at any one level, tangential 
extension is minimised.
Thus, it is now possible to present for Hyacinth a coherent 
anatomical development of the long-known and well-established 
general features of the contraction process^ ^ich seems also to 
be physiologically plausible.
An alternative interpretation of the facts of structure, that 
it is the changing shape of the radial walls which is the "prime- 
mover" in the contraction process seems clearly less acceptable. 
Though it might perhaps be postulated that these walls grow radially 
and shorten axially, so bringing about the radial extension of the 
thickened horizontal walls, this view seems hardly compatible with 
the facts. It seems extremely unlikely that internal changes in 
the radial walls could be sufficient to extend the thickened 
horizontal walls, and it is difficult to visualise a mechanism 
whereby the change in shape of the radial walls could be internally
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initiated. It would seem to involve some anisotropic feature or 
loosening of structure of the inter-microfibrillar matrix substances, 
rather outside our understanding of cell wall structure.
It is even less likely that the tangential walls are at the 
centre of the contractile mechanism. It is difficult to envisage 
how "ballooned" tangential walls could bring about not only axial 
shortening of the radial walls, but also their radial extension and 
that of the highly specialised horizontal walls.
Although contributing mostly to the detailed anatomy of the inner 
cortical cells the results of this study are, in the main, in 
accordance with the observations of most other workers; de Vries 
(1879b, 1880), Gravis (l926), Chan (1951/92), Wilson and Honey (1966), 
Iamant and Heller (1967), Chen (1969) and Reyneke and van der Schijff 
(1974). Earlier workers, from de Vries, nearly a century ago, up 
to modern times, were mainly concerned with the change in shape of 
the inner cortical cells, and with the exception of Wilson and Honey, 
paid little attention to changes in the walls of these cells.
In particular, the unusual nature of the horizontal walls which 
is visible by light microscopy in sections of well contracted roots, 
has been generally overlooked. Although Reyneke and van der Schijff 
refer to the thickened cross walls in Eueomis and record radial 
longitudinal sections with small protuberances along these walls, 
bearing a close resemblance to those of Hyacinth, they interpreted 
these protuberances as oil droplets located near these walls. The 
bar-like thickenings of horizontal walls, visible as protuberances 
in radial longitudinal sections, are (in Hyacinth) near the limit 
of study by light microscopy. Nevertheless, they are to be seen 
along the horizontal walls of the contractile cells of Gladiolus 
and Narcissus, as well as in Hyacinth. It seems possible that 
Reyneke and van der Schijff may have been mistaken in their
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interpretation.
In the same paper, these authors illustrate "ballooning" in 
an axial wall, presumably a tangential wall, but they apparently 
did not appreciate the significance of this feature. Its presence 
in Eueomis lends further weight to the thought that contraction in 
Eueomis is probably of the same essential pattern as that of the 
plants studied here.
A notable exception to the generally accepted theory of 
contraction (in Monocotyledons) is the mechanism proposed by 
Sterling (l972) for Gladiolus. This is based on a presumed 
differential compressive stress between atmospheric pressure and the 
negative pressure in the xylem, coupled with the senescence and 
collapse of the outer cortical cells and the ability of the inner 
and middle cortical cells to glide past one another longitudinally, 
giving rise to their interdigitation and radial extension. These 
cells, he observed, have tapering ends; a feature \diich is more 
prevalent in the inner than the middle cortex. By comparison, the 
longitudinal walls of the middle cortex mostly yield by buckling.
The outer cortical cells slowly lose their turgor and their 
transverse and radial walls become folded due to a transverse 
compressive force. He briefly mentions that the cells of the middle 
cortex do gradually become more isodiametric.
In fact, in the contracted root material of Gladiolus, Wiich 
I have studied here, I found that the anatomy is mostly very similar 
to that of Hyacinth and Narcissus. There is a difference in that 
three distinguishable regions can be recognised in the cortex, 
instead of two as in Hyacinth and Narcissus, the contractile tissue 
occupying the middle of the cortex. However, the cells of this 
region are basically comparable with those of the inner cortical 
cells of the other two genera, and the different wall types, lying
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in different planes, seem to behave similarly. Sterling did not 
specifically distinguish the radial and tangential walls, nor the 
different roles they play; neither, apparently, did he see the 
very characteristic horizontal walls. Moreover, the electron 
micrographs in his paper show only fragments of cell walls, and do 
not reveal an overall picture. This can be very misleading; as 
my experience shows, it is very necessary (see pp. 33-34 ) to 
locate one's electron micrographs of details accurately by 
reference to lower-power observations of larger areas of a section.
The cells of the inner cortex apparently take no active part in 
the contraction, remaining long and narrow, their axial walls 
becoming undulated or "ballooned" in response to the shortening 
brought about by the middle cortex.
In Sterling's view, however, an important feature of the 
contraction process is the interdigitation of tapering cell ends 
of inner cortical cells. However, in sections and cleared short 
segments of contracted root material which I have examined it is 
clear that the cells in this region and of the middle cortex are 
not tapered, but their ends are transverse and perpendicular to 
the axial walls. Where occasionally some suggestion of inter­
digitation has been observed, it seemed to be on the outer limits 
of the middle cortex, and probably represented the beginning of 
cell collapse. Reyneke and van der Schijff (l974) also refuted 
this finding of interdigitation.
In the contractile cells of the middle cortex the "horizontal- 
type" walls, as seen in radial sections, have very distinct 
protuberances along their entire length (Fig.7 0 ) and polarisation 
microscopy of transverse sections reveals a thickened "crossed- 
fibrillar" texture with regions of negligible birefringence 
predominantly along their radial boundaries (Fig. 6 9 )• Sterling
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apparently failed to observe these walls, and their special features, i 3 V 
despite the fact that they are readily seen in transverse sections 
and, though somewhat less so, in radial longitudinal sections.
In the "radial-type" axial walls there is lysis of the middle 
lamella and consequently a lack of cohesion between adjacent cells 
(Fig. 6 5 ). Sterling comments on lysis of the middle lamellae of
axial walls, but does not specify the type of axial wall in vdiich it 
occurs.
Similarly, Sterling observes buckling in axial walls but does 
not specify whether radial or tangential. According to my observations 
however, this is a feature especially characteristic of tangential 
walls of the middle cortex. The regions of adhesion are coincidental 
with the pit-fields (Fig. 6 2 )  and although Sterling includes a 
micrograph of an adhesion area traversed by plasmadesmata (his 
Fig. 4F) he does not comment on this feature.
My observations show that the layers of cells of the outer 
cortex become compressed mainly radially. If, as Sterling suggests, 
the outer cortex plays a major role in the contractile mechanism, 
one would expect to find cells in the outer cortical layers to be 
compressed axially and indeed he says they are. Some axial 
compression must of course be present but the radial compression is 
far more conspicuous. Sterling relates his theory of contraction 
to that of Thoday (l92Ô) for Oxalis sp. -vdiere there are alternate 
layers of compressed and turgid, radially expanded cells. In 
Gladiolus, however, the crushed condition of the outer cortex is 
axially continuous in the contracted region and structural 
relationships in the contraction process in the two species are in 
fact quite different. It might be noted also that Sterling's 
proposed mechanism would seem to be dependent on the existence of 
a negative pressure in the xylem. It could hardly operate on
Hyacinth roots growing in water. " j[^ ^
In short, it seems to me that the similarity of structure of
the contracted roots of Gladiolus to those of the other
monocotyledonous genera examined or referred to in this thesis 
must be regarded as evidence against Sterling’s views on the 
contraction mechanism. His anatomical evidence in support of it is 
not clear, and indeed the mechanism itself is rather obscurely 
presented. There is, I believe, an essential unity of contractile 
mechanism in Hyacinth, Narcissus, Gladiolus, Eue omis and Arum and 
thus probably also in other related plants. ,
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APPENDIX
PRELIMINARY OBSERVATIONS ON THE STIMULATION OF ROOT CONTRACTION
Although this investigation was mainly concerned with the 
mechanism of root contraction, it naturally gave rise to speculation 
concerning the initiating stimulus and factors controlling root 
contraction in Hyacinth. Hence, here are some preliminary 
observations and comments.
Some unpublished observations of Professor K. Wilson were based 
on the contrast in contraction ability, in everyday domestic culture 
of Hyacinth bulbs, between roots grown in water, where an abundance 
of contractile roots are regularly formed, and those grown close 
together in shallow bulb bowls of peat, where the roots grow round 
and round the bowl and show no clear evidence of contraction. These 
facts thus suggested some possible factors for initiating contraction; 
light as opposed to darkness, a liquid compared to a solid medium 
and perhaps orientation in relation to gravity. It could well be, 
for instance, that since contraction in a horizontally growing root 
would not serve its usual function, contraction in these circumstances 
might not occur.
The last possibility was, however, disposed of by growing bulbs 
in normal daylight in shallow water (about 3 cm) in photographic 
trays, so that the roots were forced to grow horizontally. Contraction 
nevertheless occurred, as in roots growing vertically in water.
Other authors have also noted that horizontally orientated roots 
may be contractile; in Brodiaea capitata (Rimbach, 1902) and in 
Muscari sp. (Rees, 1972).
Following on from this. Professor Wilson noted that bulbs 
planted moderately deep in peat (i.e. with only their apical buds
exposed) produced non-contracting roots, while in bulhs planted ^ Q 
shallow level with peat barely covering the base of the bulbs some 
variable degree of contraction was induced. Thus, this suggests that 
exposure of the bulb to light or air could be a factor.
On the other hand, he noted that light and darkness, in the 
ordinary everyday sense of these terms (but not implying a rigorous 
total exclusion of light) seemed to be irrelevant. Thus, bulbs grown 
in clear glass bulb jars but kept in a domestic dark cupboard (not 
light-tight but opened from time to time) also show root contraction.
Attempts to explore this situation and to grow bulbs in the dark 
\diile their roots were illuminated were unsuccessful. The bulbs were 
grown in peat, in a trough with an open mesh-like bottom so that the 
roots could grow out into moist air over water in clear glass 
containers. However, roots which did emerge turned brown at the tips 
and others instead grew horizontally into the peat.
Some of these observations, on Hyacinth bulbs, have now been 
repeated and extended here. Bulbs grown over water in black-painted 
bulb jars, under natural daylight in a cool greenhouse, produced an 
abundance of contractile roots, as did those grown in clear glass 
jars in similar circumstances.
This led to a series of bulb jars being set up, this time with a 
very much stricter darkness regime where both the roots and shoots 
were kept in total darkness. The jars were kept in darkened boxes 
in a cool photographic dark room; even the weekly water change 
was done under a dim red light. Under these conditions the shoot 
becomes very etiolated, the blanched leaves and flowering spike 
appear much longer than usual and the flowers abscise readily. The 
effect on the roots is that there is no indication at all of 
contraction. The roots are very thin, brittle and rarely attain 
the length of those grown in water in natural daylight. Similarly
there is a complete lack of the anatomical changes associated m t h  4 i
contraction. The cortical cells, seen in transverse section,
remain small, hexagonally rounded and undifferentiated into inner
and outer cortex. There is, in particular, no evidence of the
special nature of the horizontal walls of inner cortical cells,
either from polarisation microscopy or from electron microscopy.
Electron micrographs of radial longitudinal sections show that the 
cell walls are very thin and lacking the characteristic "bars" of 
the horizontal walls (Eig. 7 8), nor are there any undulations 
along the axial walls of the stele.
Thus, light could be a necessary factor in contraction, but 
the imposition of darkness on the whole plant is not entirely 
satisfactory since it has other effects on growth. Following on 
from this therefore, but later in the growing season, attempts 
were made to repeat the experiment referred to earlier in which 
the bulbs were planted in peat in a trough over water. Attempts 
were made to grow the roots in a different light regime from the 
shoots. The aim was to keep either the shoot or the root in total 
darkness and the correspondingly different part of the bulb in 
natural daylight.
The apparatus for this part of the experiment (see drawing 
overleaf) consisted of 450 mis capacity tins riveted onto metal 
screw-lids (to facilitate water change) of 1 litre capacity coffee 
jars. Holes, corresponding in position, were cut in the tin base 
and jar lid. Circular pieces of plastic-coated wire mesh were 
placed over the holes to prevent the peat and bulbs falling 
through. A bulb was placed in each tin and packed around with 
moist peat for support and to maintain humidity around the bulb 
base, essential for the initiation of root growth.
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Fig.7 8 Hyacinth, bulb grow in continnons darkness.
Radial longitudinal section through upper part 
of root, showing horizontal wall. (Electron 
micrograph, x 34 00 ).
The horizontal walls are very thin and show no 
evidence of the "bar-like" structure, 
characteristic of contractile roots.
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Some of the jars which had previously been painted black 
were, as a further precaution, wrapped in black polythene to 
ensure total darkness around the roots. The tip of the bulb was 
left exposed to natural daylight. The weekly water change was 
carried out in a photographic dark room, under a dim red light.
The converse of this experiment was also set up, with roots 
allowed to grow into the light "vdiile the shoot was kept in the 
dark, by ^olly enclosing the tin with black polythene. Both sets 
of jars were placed on a bench in a cool greenhouse and the water 
changed weekly.
However, the roots refused to grow downwards; the root tips 
idiich emerged into the moist space between bulb base and the water
level in the jars turned brown at their tips, and other roots grew 144 
out horizontally into the peat following a circular course around 
the bulb, just as Professor Wilson had found.
Just as Professor Wilson (unpublished observations) observed, 
so did Wilson and Honey (1966) notice how roots of bulbs grown 
in moist, commercial bulb fibre rarely contract. Repetition with 
moist bulb fibre, John Innes potting compost and vermiculite 
showed that in none of these media are contracted roots produced. 
Anatomically, these roots resemble uncontracted regions of contractile 
roots in that they show no differentiation into inner and outer 
cortex and the cortical cells remains small and hexagonally rounded 
in transverse section.
This raises the question of the role of a liquid medium, as 
opposed to a solid medium, in initiating contraction. Hyacinth 
bulbs were therefore grown in a liquid medium with an immersed 
particle substrate which did not exclude the light. Pyrex conical 
flasks (500 mis) were fitted with two side arms to facilitate 
water change, and filled with small glass beads: (Pig.7 9 ). The
interstices were then filled with water and the bulbs placed on 
top of the beads, and the roots allowed to grow in a cool north- 
facing greenhouse.
After flowering, each of these bulbs had produced many 
slightly wrinkled roots which also exhibited the anatomical 
features characteristic of contraction. The cortex had 
differentiated into two zones, an inner one in which the cells had 
expanded radially, surrounded by a crushed many-layered outer 
cortex. Also the adjacent radial walls of neighbouring cells did 
not adhere very firmly together. Electron micrographs of radial 
sections showed "ballooning" in the tangential walls and 
protuberances along the horizontal walls: (Pig. 8 0 ). Roots
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Fig,79 Hyacinth hulh growing on glass heads in a 500 ml 
conical flask fitted with two side arms. The 
interstices between the beads are filled with water 
and the roots have grown between the beads. The 
proximal portion of the roots show signs of 
superficial wrinkling.
Magnification: & natural size.
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Fig.8 0 Hyacinth, bulb grovn on beads in natural daylight.
Radial longitudinal section, showing part of a 
horizontal wall. (Electron micrograph, x 23 0 0 ).
Note the small protuberances along the horizontal 
wall, characteristic of contractile roots.
grown similarly in an aqueous particle substrate under a strict 1 4 7
darkness regime (see p. 140) developed thin, spindly uncontracted 
roots. Hence, this suggests that the absence of substrate 
contact is not a factor in causing contraction, and places the 
emphasis more on the effect of light.
Following another different line of thought, bulbs were grown 
over water in the usual way but the water was changed daily instead 
of weekly. This was done with the idea of limiting the possible 
build-up of solutes which could perhaps have been concerned in 
root contraction and also of improving the oxygenation of the 
medium. Under this regime, the bulbs produced an abundance of 
contractile roots, not visibly different from those grown with a 
weekly water change.
These experiments are fragmentary and thus inconclusive.
However, they do provide a basis for further study of the controlling 
factors for the initiation of contraction. These may be very 
complex as the views of Galil (l958, I969), Dunlop and Schmidt 
(1964), Lamant and Heller (1967), and Jacoby and Halevy (l970) 
imply. Although these works came to my notice after the experiments 
in this section were carried out, it is interesting to note that 
Jacoby and Halevy recorded how Gladiolus corms and shoots, \dien 
completely enclosed in black polythene, similarly did not produce 
any contracted roots whereas, if the corms and roots only were 
covered with black polythene, 80^ of them showed contracted roots.
It is appropriate however to recall here the work of Clapham 
(1949) based on the experiments of Raunkiaer (l907), using 
rhizomes of Polygonatum multiflorum. These adjust themselves to 
a "normal" depth in the soil after being displaced, the direction 
of growth of the new rhizome segment, it appears, being determined 
by the intensity of light reaching some part of it, and not by the
length of the underground part of the aerial shoot. The exact" 148 
position of the light sensitive region was not determined hut it 
was found, hy the use of photographic paper, that light could 
penetrate to considerable depths in loose soil. These observations 
are thus very relevant to experiments involving burial of 
penetrating organs.
Galil (1958), on the other hand, believed that temperature 
fluctuations, which occur naturally in the upper levels of the 
soil, should be considered as an important factor for root 
contraction in Leopoldia maritima bulbs, when planted at a shallow 
level. He induced root contraction in deep-planted mature bulbs 
by intermittent heating of the soil, thus suggesting that here 
contractility is not dependent on the length underground of the 
erect leaves. I have not investigated a possible role of temperature 
fluctuations in initiating root contraction in Hyacinth bulbs. All 
the experiments, except those requiring total darkness, were however 
set up in a cool north-facing greenhouse where the temperature 
fluctuations .were not considerable. Moreover, Jacoby and Halevy 
(1970) found that fluctuating temperatures applied to corms of 
Gladiolus which had been grown in continuous darkness, did not 
induce contraction in their roots. Thus in these plants, 
fluctuating temperatures, without any light, were not sufficient 
to induce root contraction.
Galil (1969) has also studied the effect of orientation in 
relation to gravity on root contraction, using Gladiolus segetum.
By planting corms upright, horizontal or inverted at a shallow 
depth, he found that root contraction was not affected.
Dunlop and Schmidt (1964) investigated the effect of magnetic 
fields on root contraction in Narcissus tazetta bulbs and reported 
that they caused the roots to contract at an earlier stage and
nearer the apex. " j[ 4 9
According to Lamant and Heller (1967) Arnm italicnm is 
capable of producing, on the same hulh, side hy side, contractile 
and non-contractile roots. They believed that the ability of 
roots to contract is determined from the time of root initiation 
and cannot he reversed.
There is a need, therefore, for a fuller study of the 
controlling factors of root contraction, as some of the reports 
are rather conflicting. Thus, the works of all these authors 
suggest that there are still other complexities in the environmental 
control of contraction and that any single factor cannot he 
considered in isolation. Moreover, even though, for Hyacinth, 
light seems to he a major factor it is still not known where the 
light is perceived, nor how its influence is translated into 
anatomical differentiation.
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